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ABSTRACT 


The  motion  and  dispersion  characteristics  of  four  proposed  types  of 
aerodynamic  self-dispersing  bomblets  (S-curve  bomblet,  roll -through- zero 
bomblet,  dual-mode  bomblet,  and  spinning  -  di  sk  bomblet)  are  evaluated  for 
representative  tactical  cluster-dispenser  delivery  environments.  Six- 
degrees-of-freedom  simulations  are  used  to  investigate  the  flight  dynamics 
of  each  type  bomblet,  and  in  addition,  approximate  motion  theories  are 
developed  for  the  S-curve  and  roll-through-zero  bomblets.  The  effects  of 
various  configurational  asymmetries  on  the  motion  and  dispersion  are  con¬ 
sidered. 

Impact  patterns  are  computed  for  each  of  the  proposed  bomblets, 
and  the  area  coverage  capabilities  are  compared  for  low- speed  and  high¬ 
speed  dispenser  opening  conditions,  ranging  in  altitude  from  300  to  2000 
feet  and  flight  path  angle  from  5  to  45  degrees.  The  area  coverage  of  the 
proposed  bomblets  is  contrasted  with  that  of  the  CBU-24  munition  and  a 
hypothetical  radial-force-ejection  system. 

The  aerodynamic  characteristics  of  each  type  bomblet  are  reviewed, 
and  the  problems  of  selecting  candidate  configuration  are  discussed.  Re¬ 
sults  of  supporting  wind  tunnel  tests,  accomplished  in  the  4T  transonic  wind 
tunnel  at  the  Arnold  Engineering  Development  Center  (AEDC),  are  briefly 
described. 


This  document  is  subject  to  special  export  controls  and  each 
transmittal  to  foreign  governments  or  foreign  nationals  may 
be  made  only  with  prior  approval  of  the  Air  Force  Armament 
Laboratory  (DLRA),  Eglin  Air  Force  Base,  Florida  32542. 
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SECTION  I. 


INTRO  DUCT  ION 


The  increasing  utilization  of  cluster-Lype  bombs  and  submunition 
dispensers  for  tactical  warfare  has  led  to  the  need  for  considering  various 
bomblet  dispersion  techniques.  The  need  for  new  dispersion  techniques,  as 
alternatives  to  existing  magnus- rotor  and  radial  ejection  dispersion  concepts, 
is  heightened  by  the  trend  toward  lower  delivery  altitudes  and  increased  de¬ 
livery  Mach  number,  as  well  as  the  need  for  becter  impact  pattern  distribu¬ 
tions  and  improved  total  weapon  effectiveness.  Further,  new  self-dispersing 
bomblet  concepts  are  required,  which  can  be  adapted  to  many  different  war¬ 
head  types  (chemical,  fragmentation,  shaped- change,  in-endiary,  etc.  )  and 
which  provide  alignment  of  the  bomblet  axis  with  the  flight  path  at  impact  for 
improved  fuzing  and  warhead  functioning. 

Four  new  aerodynamic  self-dispersing  bomblet  concepts  have  been 
proposed  which  require  investigation  to  determine  their  suitability  for 
cluster  and  dispenser  weapons.  Two  of  the  proposed  bomblet  concepts 
(the  S-curve  bomblet  and  roll-through-zero  bomblet)  utilize  the  lift  force 
resulting  from  body  incidence  as  a  means  of  dispersion.  These  axisymmet- 
ric  fin- stabilized  ballistic -type  configurations  provide  rapid  dispersion  and 
impact  at  small  angles  of  attack.  The  dual-mode  bomblet  concept  combines 
the  dispersion  capability  of  the  magnus  rotor  with  the  small  angle  of  attack 
impact  characteristic  of  the  ballistic -type  bomblet.  The  spinning- disk 
bomblet  utilizes  the  lift  characteristics  of  the  lenticular  shape  as  a  means 
of  improving  dispersion  of  the  magnus  rotor  at  high  Mach  numbers. 

The  present  effort  encompasses  (1)  analytical  simulation  of  the  flight 
characteristics  of  each  bomblet-type  to  determine  the  motion,  trajectory, 
and  impact  pattern  characteristics,  (2)  development  of  theory  and  computer 
simulation  capabilities  pertinent  to  the  proposed  designs,  and  (3)  static  and 
dynamic  wind  tunnel  tests  of  candidate  bomblet  configurations. 
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SECTION  H. 


ANALYTICAL  INVESTIGATIONS  AND 
FLIGHT  DYNAMICS  SIMULATIONS 


A.  S-CURVE  BOMBLET 

1 .  Description  of  Concept. 

The  aerodynamic  scattering  of  bomblets,  through  the  use  of  a 

trim  angle  of  attack  generated  by  a  highly  nonlinear  aerodynamic  restoring 

moment  characteristic  (S-curve  moment  variation),  was  first  described  by 

(11 

Merchant  and  Pope' 

The  S-curve  type  bomblet  is  comprised  of  an  axially  symmetric 
body-fin  configuration,  which  is  designed  to  provide  an  unstable  restoring 
moment  at  small  angles  of  attack,  and  a  stable  pitching  momc  it  slope  at  a 
large  trim  angle  of  attack.  The  lift  force  resulting  from  the  large  trim  angle 
of  attack  causes  the  trajectory  to  deflect,  thereby  providing  the  desired  dis¬ 
persion. 


One  of  the  features  of  the  S-curve  type  bomblet  is  that  the  trim 
incidence  is  independent  of  the  body  roll  attitude,  such  that  direction  of  the 
lift  force  vector  with  respect  to  a  vertical  plane  is  either  fixed,  or  slowly 
changing,  even  though  the  bomblet  has  an  accidental  spin.  This  character¬ 
istic  is  enhanced  as  the  rotational  symmetry  of  the  bomblet  increases. 

The  tendency  for  the  angle-of-attack  plane  to  remain  stationary, 
i.  e.  ,  for  the  coning  motion  to  be  zero,  is  the  fundamental  reason  for  the 
large  dispersion  of  the  S-curve  bomblet. 

2.  Zero  Coning  Theory. 

The  requirements  for  zero  coning  can  be  stated  more 
precisely  by  considering  in  detail  the  equations  of  motion  for  ballistic  flight. 
A  theoretical  coning  motion  analysis,  based  on  the  equations  of  motion  for 
the  pitching  and  lateral  translation  degrees  of  freedom  and  including  the  axial 
spin  as  a  parameter,  is  presented  inAppendix  II.  As  a  result  of  the  analysis, 
it  is  shown  that  the  orientation  of  the  angle  of  attack  plane,  $  ,  can  be 

described  approximately  by  a  second-order  nonlinear  differential  equation 
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In  the  above  equation,  it  is  assumed  that  the  bomblet  has  a  trim  angle  of 
attack,  a-p.  due  to  the  S-curve  pitching  moment. 


The  existence  of  a  steady- state  solution  for  <p  in  Equation  (1) 
is  determined  by  setting  <ji  =  p  =  0.  This  results  in  Equation  (2a). 
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where  the  first  term  in  braces  is  the  gyroscopic  moment  due  to  rate  of 
change  of  flight  path  curvature,  the  second  term  is  the  damping  moment,  and 
the  third  term  is  the  magnus  moment.  If  the  gyroscopic  and  magnus  terms 
approach  zero,  i.  e. ,  a  very  small  value  of  roll  rate,  then  the  damping  term 
must  also  approach  zero,  implying  further  that  <jj  is  near  zero.  For  the 
purpose  of  obtaining  exact  solutions  for  p  ,  it  is  useful  to  consider  the  fol¬ 
lowing  alternative  form  of  Equation  (2a): 
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Solutions  to  Equation  (2b)  exist  for 


C2  1  A2  +  B2 

and  do  not  exist  if 

C2  >  A2  +  B2 


For  flat  trajectories  (  Y  -*•  0)  the  latter  inequality  can  be  expressed  as 
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Examination  of  Equation  (3)  shows  that  either  a  large  value  of  CMp  or  a 
large  value  of  p  will  preclude  the  attainment  of  a  solution  for  .  If  the 
aerodynamic  and  inertial  parameters  are  established,  i.  e.  ,  a  specific  con¬ 
figuration  is  selected,  there  may  be  a  range  of  |p|  <  |pcp|  for  which 
solutions  for  <t>  exist.  In  such  cases.  Pep  is  referred  to  as  the  critical 
spin  rate.  At  spin  rate  less  than  the  critical  spin  rate,  the  coning  rate  is 
zero;  at  spin  rates  greater  than  the  critical  spin  rate,  the  coning  rate  is 
finite. 


Using  Equation  (2),  multivalued  solutions  are  obtained  for  <J>  , 
when  J  p |  <  |pCR  |  .  To  determine  whether  these  solutions  are  stable  solu¬ 
tions  to  the  differential  Equation  (1),  a  perturbation  equation  is  written, 
using  the  perturbation  from  the  steady-state  solution,  A  .  Development  of 
the  perturbation  equation  for  A  ^  is  aided  by  use  of  the  following  substitu¬ 
tions  for  cos  (j>  and  sin  $  : 


cos  =  cos  (  4  +  A  <t> )  =  cos  <J>  -  A  it*  sin  <f>a 
sin  <?  =  sin  (  +  A  $)  =  sin  +  A  $  cos  <{>„ 


(4) 


Using  representative  values  for  the  aerodynamic  and  inertial  parameters  in 
Equation  (1),  analysis  shows  that  stable  solutions  to  the  perturbation  equa¬ 
tions  exist  only  when  -  £  <  ^  <  71  ;  outside  this  region  the  A  q  perturbations 

are  unstable.  This  implies  that  the  nose  of  the  bomblet  is  always  nose-up 
with  respect  to  the  trajectory  when  stable  zero-coning  solutions  exi.t. 

Further  analysis  of  Equation  (2)  shows  that  for  positive  spir 
rates  the  nose  of  the  bomblet  points  to  the  left  of  the  velocity  vector  (as 
viewed  in  the  direction  of  flight)  when  the  magnus  moment  is  negative,  and 
to  the  right  when  the  magnus  moment  is  positive.  The  reverse  is  true  for 
negative  spin  rates. 


-J 


For  spin  rates  which  are  larger  than  the  critical  spin  rate,  the 
average  effect  of  the  terms  containing  cos  <p  and  sin  <j>  is  small.  In  such 

cases  it  is  possible  to  have  a  solution  for  <p  .if  $  -  0.  Examination  of 

Equation  (1)  shows  that  a  linear  relationship  exists  between  $  and  p  , 
specifically,  <p  / p  =  constant.  A  good  approximation  for  this  constant,  in 
most  instances,  is 

A.  =  CMP  (5) 

P  Cr  r  a  t 

While  the  zero  coning  theory  provides  useful  performance 
criteria,  it  does  not  readily  permit  a  direct  prediction  of  either  the  transient 
or  steady- state  swerving  motion. 

A  direct  solution  of  Equation!  1),  along  with  integration  of  the 
equations  for  lateral  translation,  entails  great  complication.  Consequently, 
the  dispersion  calculations  are  accomplished  most  easily  Dy  numerical 
integration,  using  a  six-degree  s-of-freedom  computer  pr  'gram. 

3.  Configurations. 

The  geometry  of  the  S-curve  bomblet  and  its  center-of-gravity 
location  are  selected  such  that  the  proper  nonlinear  restoring  moment  char¬ 
acteristic  is  achieved.  The  aerodynamic  center  of  pressure  movement  must 
be  forward  at  small  angles  of  attack  to  produce  instability,  and  rearward 
at  large  incidence  to  produce  a  large  trim  angle  of  attack  and  adequate 
static  stability  margin.  Various  means  are  available  for  providing  the 
necessary  center-uf-pressure  movement.  Nose  rounding,  boattailing,  and 
low  aspect  ratio  fins  all  tend  to  move  the  center  of  pressure  forward  at 
small  angles  of  attack  and  rearward  at  large  angles  of  attack,  and  these  con¬ 
siderations  have  been  used  in  the  selection  of  candidate  designs  for  analytical 
and  experimental  investigation. 

The  S-curvc  bomblet  .which  has  been  most  extensively  investi¬ 
gated  during  the  present  effort, is  depicted  in  Figure  1.  The  body  is  a  two- 
inch- diameter  .four- calibe  r  cylinder  with  either  a  blunt  nose  (0.25  caliber 
corner  radius)  or  hemisphere  nose  and  six  low-aspect- ratio  rectangular 
fins.  The  weight  of  the  bomblet  is  assumed  to  be  1.  51  pounds.  The  bomblet 
weight  was  determined  by  use  of  an  average  mass  density,  calculated  from 
the  weights  and  volumes  of  a  selected  group  of  bomblet  munitions.  The 
center  of  gravity  location  (1.5  calibers  aft  of  the  nose)  presumes  that  the 
rear  of  the  bomblet  is  hollow  to  a  depth  of  about  one  caliber.  The  hollow 
afterbody  and  the  fin  design  permit  efficient  packaging,  as  can  be  seen  from 
the  schematic  packaging  arrangement  depicted  in  Figure  2. 
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Alternate -Nose  Bomblet 


Physical  Data 

Weight  =  1.51  pounds 

Ix  =  1.629  xi0*4  slug-ft2 
I  -  1. 06  x  10" 3  slug-ft2 

Figure  1.  S-Curve  Bo.-nblet  Physical  Characteristics 
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The  4:  1  fineness  ratio  body  was  selected  primarily  as  a  com¬ 
promise  between  w'arhead  geometry  and  aerodynamic  considerations.  The 
original  S-curve  bomblet  configurations  investigated  by  the  Australian 
Weapons  Research  Establishment  ^  were  5.73  calibers  in  length, 

but  this  fineness  ratio  is  considered  too  large  for  a  fragmenting  warhead. 

A  low  fineness  ratio  bomblet  was  not  chosen,  because  preliminary  aero¬ 
dynamic  data  for  a  series  of  two-caliber  S-curve  bomblets,  which  are  under 
investigation  by  the  Air  Force  Armament  Laboratory,  showed  the  aerody¬ 
namic  moment  curves  to  be  quite  sensitive  to  small  configuration  changes. 
This  is  probably  due  to  the  fact  that  the  separated  flow  from  the  blunt  nose 
extends  rearward  about  two  body  diameter's. 

Several  geometric  modifications  to  the  basic  four-caliber 
S-curve  bomblet  were  evaluated  as  a  part  of  the  wind  tunnel  test  program 
(see  Section  IV).  These  alternate  configurations  have  different  trim,  stabil¬ 
ity,  and  drag  characteristics,  and  for  some  applications  may  be  more 
suitable  than  the  configurations  shown  in  Figure  i.  These  factors  will  be 
discussed  in  subsequent  sections. 

Two  different  nose  shapes  are  specified  for  the  basic  configura¬ 
tion  because  of  the  variation  of  the  trim  angle  of  attack  with  Mach  number. 
The  blunt  nose  bomblet  trims  at  zero  angle  of  attack  at  transonic  Mach 
numbers,  whereas  the  hemisphere-nose  bomblet  exhibits  a  finite  trim 
angle  of  attack  through  the  transonic  regime. 

4 .  Aerodynamic  Characteristics  . 

The  complete  aerodynamic  characteristics  of  the  basic  S-curve 
bomblet  configuration  (Figure  1  )  were  required  for  the  motion  simulations 
and  trajectory  investigations.  The  static  aerodynamic  force  and  moment 
coefficients  for  the  basic  configurations  were  obtained  from  the  AEDC  wind 
tunnel  tests  described  in  Section  IV  (model  designations  BgNgjAgjFg2 
and  BgNg2-A-gj  Fg2  for  blunt-nose  and  hemisphere-nose  configurations, 
respectively).  Plots  of  the  restoring  moment  and  normal  force  coefficients 
for  these  configurations,  at  Mach  0.3  and  0.9,  are  shown  in  Figure 
3.  The  variation  of  the  trim  angle  of  attack  with  Mach  number  for  each  con¬ 
figuration  is  illustrated  in  Figure  4. 

Because  the  results  of  the  dynamic  wind  tunnel  tests  at  AEDC 
were  not  available,  pitch- damping,  magnus-force  and  moment,  roll-damp¬ 
ing,  and  fin-effectiveness  data  were  obtained  from  wind  tunnel  test  results 
for  a  similar  5.73  caliber  bomblet  with  eight  low-aspect  ratio  fins 
The  aerodynamic  coefficients  were  assumed  to  be  valid  for  the  (our-caliber 
bomblet  without  correction  for  fineness  ratio,  number  of  fins,  or  center-of- 
gravity  location. 
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Blunt  Nose 
Hemisphere  Nose 


a  j  -  Deg 


Mach  Number 


Figure  4.  Variation  of  Trim  Angle  of  Attack  with  Mach  Number 
for  Basic  S-Curve  Bomblet  Configuration 
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Table  I  summarizes  the  aeroballistic  coefficients  used  for  the 
six-degrees-of-freedom  motion  simulations.  The  coefficient  notation  is 
described  in  Appendix  I.  The  rolling  moment  coefficient  is  tabulated  for  a 
fin  cant  angle  of  0.1  degree.  The  aerodynamic  coefficients  are  independent 
of  the  aerodynamic  roll  angle  for  the  angle  of  attack  range  of  interest. 

5.  Motion  Simulations  . 


The  motion,  trajectory,  and  impact  pattern  characteristics  of 
the  S-curve  type  bomblet  have  been  extensively  investigated  using  the  six- 
degrees-of-freedom  (6-DOF)  trajectory  program,  and  the  previously 
described  aerodynamic  and  physical  characteristics  data. 

The  6-DOF  motion  simulations  describe  both  the  transient  and 
steady- state  dispersion  characteristics,  neither  of  which  is  predictable  by 
the  'zero  coning  theory.  In  addition,  the  exact  motion  solutions  have  been 
used  to  determine  the  bomblet  response  to  various  initial  flight  conditions, 
disturbances,  and  configurational  asymmetries. 

The  initial  conditions  used  for  motion  simulation  purposes  are 
determined  by  the  attitude  and  motion  of  the  dispenser  at  time  of  functioning, 
and  by  the  positioning  of  the  bomblets  within  the  dispenser.  Some  of  the 
configurational  asymmetries  which  must  be  considered  are  fin  cant,  longi¬ 
tudinal  misalignment  (CmQ  and  CnQ),  and  lateral  center-of-gravity  offset. 

The  initial  attitude  of  the  bomblets  with  respect  to  the  dispenser 
flight  path  critically  affects  the  motion  simulations,  both  from  the  stand¬ 
point  of  the  bomblet  dynamics  and  the  determination  of  an  impact  pattern. 

The  bomblet  impact  pattern  is  most  easily  determined  if  each  bomblet  is 
assumed  to  be  randomly  oriented  in  a  nose  outward  attitude  at  a  fixed  angle 
with  respect  to  the  dispenser  centerline-  Assuming  that  the  dispenser  is 
aligned  with  its  flight  path,  the  initial  angle  of  attack  of  each  bomblet  will 
be  constant,  and  the  orientation  of  the  angle  of  attack  plane  with  respect  to 
a  vertical  or  horizontal  reference  will  vary  randomly  from  0  ■+  2  tt  .  In  most 
instances. the  bomblet  pitching  response  is  sufficiently  rapid  that  the  angle 
between  the  bomblet  axis  and  the  dispenser  axis  (initial  angle  of  attack)  can 
be  somewhat  less  than  the  bomblet  trim  angle  of  attack. 

If  the  bomblet  axis  is  initially  aligned  with  the  dispenser  axis, 
both  the  angle  of  attack  and  pitching  moment  will  be  zero,  and  the  bomblet 
will  not  pitch  nose-out  to  the  trim  angle  of  attack  unless  disturbed.  The 
disturbance  can  be  produced  by  the  motion  of  the  dispenser  or  by  the  bomb- 
let  asymmetries.  A  simplified  simulation  of  the  zero  angle  of  attack  case 
can  be  accomplished  by  the  use  of  a  body-fixed  pitch  asymmetry  (i.  e.  .  Cm 
moment  coefficient).  The  orientation  of  the  body  axes  can  be  assumed  to 
be  random,  and  this,  in  turn,  leads  to  various  bomblet  flight  paths  and  ulti¬ 
mately  to  a  dispersion  pattern  at  ground  impact. 


TABLE  I.  AERODYNAMIC  DATA  SUMMARY:  BASIC  BLUNT-NOSE  S-CURVE  BOMBLET 
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CMF‘  0-0.3  0  0  0  -.  20  -.  50 


Both  the  latter  method,  and  the  nose  -  outward  method  of  initiat¬ 
ing  the  bomblet  motion  are  considered  in  the  present  report.  In  a  future 
effort,  a  Monte  Carlo  technique  will  be  usea  to  realistically  simulate  the 
bomblet  motion  for  a  widq  variety  of  initial  conditions  and  perturbations. 

The  flight  behavior  of  the  S- curve  type  bomblet  is  most  easily 
visualized  by  examination  of  the  angle  of  attack  and  spin  histories.  To  this 
end,  the  plane  of  the  angle  of  attack  with  respect  to  horizontal  will  be  defined 
by  the  angle,  $  ,  as  depicted  in  Appendix  I.  It  will  be  noted  that  <b  is  the 
negative  complement  of  $  ,  which  in  the  zero  coning  theory  is  the  orienta¬ 
tion  of  the  angle  of  attack  plane  with  respect  to  vertical. 

Motion  with  Finite  Initial  Angle  of  Attack  and  Varying  Fin 
Cant.  Figure  5  illustrates  the  angle  of  attack  and  roll  dynamics  of  the  basic 
blunt-nose  bomblet  configuration  when  released  from  a  dispenser  at  an  alti¬ 
tude  of  1000  feet  and  an  angle  of  attack  of  five  degrees,  velocity  of  600 
ft/ sec,  and  flight  path  angle  of  1  5  degrees.  The  bomblet  is  assumed  to  have 
a  nominal  fin  cant  angle  of  0.  02  degree*  corresponding  to  positive  roll  rate. 
Three  different  initial  orientations  of  the  angle  of  attack  plane  are  considered: 
$  =  0,  90,  180  degrees.  The  position  of  the  bomblet  nose  with  respect  to 

the  dispenser  (when  looking  in  the  direction  of  flight)  is  left,  up,  and  right, 
respectively. 


In  this  example  the  spin  rate  due  to  the  fin  cant  is  less  than 
the  critical  spin  rate  as  defined  by  the  zero  coning  theory,  and  it  can  be  seen 
that  $  approaches  a  quasi -steady  value  in  agreement  with  the  theory.  The 
computed  theoretical  relationship  between  the  angle  of  attack  plane  orienta¬ 
tion  and  the  roll  rate  is  illustrated  in  Figure  6  for  a  Mach  number  of  0.3. 
Using  the  motion  data  for  $o  =  90  degrees  as  an  example,  the  theoretical 
values  of  $  for  Mach  numbers  less  than  0.3  were  computed  and  the  results 
shown  for  comparison  in  Figure  5.  It  is  seen  that  the  6-DOF  and  theoretical 
solutions  for  the  orientation  angle,  $  ,  differ  by  only  a  few  degrees. 

Figure  7  illustrates  the  effect  of  a  larger  fin  cant  angle  (0.1 
degree)  on  the  motion  histories  of  <t>  ,  a  ,  and  p  for  the  same  dispenser 
event  conditions  that  were  considered  in  Figure  5.  The  0.1  degree  cant 
angle  drives  the  roll  rate  above  the  critical  spin  rate,  and  $  does  not 
approach  a  quasi-steady-value.  Instead,  $  increases  negatively  and  the 
bomblet  exhibits  a  counterclockwise  coning  motion.  The  coning  motion 
causes  the  lift  vector  to  rotate,  whereas  for  the  0.02  degree  cant  angle  the 
lift  vector  remained  upward.  As  a  result, the  flight  time  is  shortened.  For 
example,  consider  the  case  where  =  0;  the  flight  time  is  reduced  from 
9.9b  seconds  to  5.6  seconds  when  the  cant  angle  is  increased  from  0.02  to 
0. 1  degree. 
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Figure  5.  Motion  Histories  for  Basic  Blunt  Nose  S-Curve  Bomblet 
with  0.02  Degree  Fin  Cant  and  Initial  Angle  of  Attack 
of  5.0  Degrees. 

Dispenser  Opening  Conditions:  hQ  =■  1000  ft,  VQ  =  600  ft/sec, 
y,  =  1 5  degrees 
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Figure  6.  Relation  Between  Angle  of  Attack  Plane  Orientation  and 
Roll  Rate  as  Computed  from  Zero  Coning  Theory 

Basic  Blunt-Nose  S-Curve  Bomblet 
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Figure  7.  Motion  Histories  for  Basic  Blunt  Nose  S-Curve  Bomblet 
with  0.1  Degree  Fin  Cant  and  Initial  Angle  of  Attack 
of  5.0  Degrees 

Dispenser  Opening  Conditions:  hQ  =  1000  ft,  V0  =  600  ft/ se 
y  „  =  15  degrees 
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Effect  of  Velocity  and  Mach  Number.  The  deleterious  effect 
of  increasing  the  cant  angle  to  0.1  degree  is  diminished  if  the  initial  flight 
velocity  is  reduced.  Data  computed  for  a  300  ft/sec  dispenser  opening 
velocity  are  shown  in  Figure  8.  For  $o  values  which  are  greater  than  zero, 
the  angle  of  attack  plane  orientation  approaches  a  constant,  even  though  the 
spin  rate  is  greater  than  critical. 

With  increasing  velocity  at  dispenser  opening,  the  motion  of  the 
basic  S-curve  type  bomblet  becomes  more  critical.  For  any  cant  angle,  the 
peak  roll  rate  tends  to  increase  in  direct  proportion  to  the  velocity,  and  thus 
there  is  a  greater  tendencyfor  the  critical  spin  rate  to  be  exceeded.  Another 
factor  is  the  effect  of  Mach  number  on  the  aerodynamic  characteristics, 
particularly  the  trim  angle  of  attack.  For  Mach  numbers  between  0.7  and 
about  1.0,  the  basic  blunt-nose  configuration  is  stable  at  small  angles  of 
attack,  thus  precluding  a  trimmed  lift  in  the  region.  For  a  900  ft/sec.  dis¬ 
penser  opening  velocity,  the  effect  of  Mach  number  on  the  trim  angle  of 
attack  is  clearly  discernible  in  the  motion  plots  of  Figure  9. 

The  initial  angle  of  attack  of  five  degrees  dampens  almost 
completely  in  the  first  0.1  second  of  flight,  and  more  than  two  seconds  of 
flight  elapse  before  trimmed  flight  is  achieved.  The  dispersion  during  the 
remainder  of  the  flight  is  small. 

The  alternate  S-curve  bomblet  with  nemi sphere  nose  has  a 
finite  trim  angle  of  attack  through  the  transonic  range.  For  the  900  ft/sec 
dispenser  opening  velocity,  the  motion  of  this  bomblet  is  satisfactory,  as 
can  be  seen  from  the  angle  of  attack  data  plotted  in  Figure  10. 

Bomblet  Release  at  Zero  Angle  of  Attack.  Bomblet  release 
at  zero  angle  of  attack  requires  a  suitable  disturbance  or  moment  to  initiate 
rotation  of  the  bomblet  to  the  trim  angle  of  attack.  For  the  purposes  of 
analytical  simulation,  a  body-fixed  moment  coefficient,  Cmo>  was  intro¬ 
duced  as  a  means  of  initiating  the  bomblet  rotation.  By  varying  the  initial 
orientation  of  the  y  body-fixed  axis  through  an  angular  range,  0  -  2  tt  , 
it  was  anticipated  that  an  impact  dispersion  boundary  would  be  produced. 

A  preliminary  investigation  was  made  using  a  moment  coeffi¬ 
cient  of  0.001,  and  it  was  found  that  the  O’  rapidly  approached  a  value  of 
about  tt/2,  regardless  of  the  initial  value  of  0  .  Thus,  all  of  the  bomblets 
impacted  within  a  small  area,  even  though  the  dispersion  from  the  zero  lift 
trajectory  was  sizeable.  This  meant  that  the  body-fixed  moment  was  too 
small  in  comparison  with  the  moments  tending  to  cause  zero  coning. 

Next,  a  value  of  Cmo  equal  to  0.02  was  selected  for  investiga¬ 
tion.  A  typical  C  history  is  presented  in  Figure  11  for  a  release  velocity 
of  600  ft/sec  and  a  fin  cant  angle  of  0,1  degree.  In  this  case,  a  rapid 
clockwise  coning  motion  develops,  with  no  tendency  for  a  decrease  in  the 
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Figure  8.  Motion  Histones  for  Basic  Blunt-Nose  S-Curve  Bomblet 
with  0.1  Degree  Fin  Cant  and  Initial  Angle  of  Attack 
of  5.0  Degrees 

Dispenser  Opening  Conditions:  hQ  =  300  ft,  \'c  =  300  ft/sec, 
y  .  *>  degrees 
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Figure  10.  Motion  Histories  for  Alternate  S-Curvc  Bomblet  with 
Hemisphere  Nose,  0.1  Degree  Fin  Cant,  and  Initial 
Angle  of  Attack  of  5.0  Degrees 

Dispenser  Opening  Conditions:  h0  =  2000  ft,  VQ  =  ^00  ft/sec, 
V,  =45  deg  rees 


rate  of  change  of  |>  with  time.  The  coning  motion  results  from  the  fact 
that  Cni()  contributes  a  magnus-type  moment  component,  as  a  result  of  the 
angle -of-attack  plane  rotation  lagging  the  rotation  of  the  body  axes.  Although 
Cm0  is  small  (i.  e.  ,  less  than  the  magnitude  of  the  static  moment  at  two 
degrees  angle  of  attack),  it  is  several  times  larger  than  the  magnus-moment 
coefficient  evaluated  at  the  trim  angle  of  attack  and  for  a  roll  rate  of  the 
order  of  10  rad/sec. 

Finally,  an  intermediate  value  of  Cm0,  equal  to  0.004,  was 
evaluated  for  the  same  dispenser-opening  conditions  as  above.  The  4>  and 
a  histories  are  presented  in  Figure  12.  The  motion  is  seen  to  be  satis¬ 
factory;  the  angle-of-a.ttack  plane  orientation  is  reasonably  well  separated 
for  each  ,  and  the  average  variation  of  if  with  time  is  only  of  the  order 
0.4  rad/ sec. 


Other  Effects.  Several  types  of  perturbations  were  investi¬ 
gated  to  determine  their  effect  on  the  bomblet  motion  and  angle-of-attack 
plane  orientation,  $  .  These  perturbations  are  briefly  summarized  below. 


Perturbation 

Magnitude  of 
Perturbation 

-+ 

0to 

Fin  Cant 

-*  . 
a 

-> 

a 

T 

2  a 

T 

0.  025  deg 

Body-fixed  q 

2.  0  rad/sec 

aT 

0.  025  deg 

Body  fixed  r 

-0.  ?.  rad/  sec 

“T 

0.  02  5  deg 

c.  g.  lateral  offset.  Ay 

0.  0025  ft 

a 

T 

0.  025  deg 

Lateral  misalignment,  CmQ 

0.  004 

aT 

0.  001  deg 

Lateral  misalignment,  CnQ 

0.  004 

a_ 

T 

0.  002  deg 

Lateral  misalignment,  Cj. 

0.  004 

“t 

0.  003  deg 

It  was  found  that  the  first  four  perturbations  did  not  significant¬ 
ly  affect  the  rate  of  change  of  with  time  and  had  only  slight  effect  on  the 
impact  dispersion.  The  effect  of  lateral  misalignment  and  fin  cant  on  ihe 
angle  of  attack  plane  orientation,  $  ,  is  depicted  in  Figure  13.  The  initial 
\  was  selected  such  that  the  misalignment  couple  was  in  a  plane  normal  to 
the  angle-of-attack  plane.  It  is  seen  that  the  misalignment  causes  a  rapid 
variation  of  with  time  (coning  motion)  in  contrast  to  the  result  for  zero 

misalignment.  The  initial  coning  motion  is  independent  of  the  fin  cant. 

After  about  two  seconds,  the  coning  stops  and  then  reverses  direction  fc  r  the 
larger  cant  angles;  fer  the  smaller  cant  angle,  the  coning  continues  in  the 
initial  clockwise  direction.  The  results  just  described  reveal  the  difficulty 
of  selec  ting  suitable  production  tolerances  for  an  S-curvc  type  bomblet. 
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Figure  12.  Motion  Histories  for  Blunt-Nose  S-Curve  Bomblet 

with  Zero  Angle  of  Attack  Release;  Cm  =  0.004 
.  ® 

Dispenser  Opening  Conditions:  hQ  =  300  ft,  VQ  =  600  ft/sec, 

=  S  degrees 
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gure  13.  Effect  of  Lateral  Misalignment  and  Fin  Cant 
on  Ang!e-of-Attack  Plane  Orientation 


6 .  Trajectory  and  Impact  Pattern  Characteristics. 


Trajectory  and  impact  pattern  data  for  the  S-curve  type  bomblet 
have  been  evaluated  for  four  standard  dispenser  opening  conditions  as  out¬ 
lined  below: 


Standard  Dispenser  Opening  Conditions 


Condition 

Altitude 

V  elocity 

Mach  Number 

Flight  Path  Angle 
Below  Horizontal 

1 

300  ft 

300  ft/ sec 

0.  27 

5  deg 

II 

300  ft 

600  ft/ sec 

0.  54 

5  deg 

III 

1000  ft 

600  ft/sec 

0.  54 

1  5  deg 

IV 

2000  ft 

900  ft/sec 

0.  81 

45  deg 

The  trajectory  and  impact  data  were  computed  using  exact  six-degrees-of- 
freedom  motion  simulations  as  previously  described. 

The  maximum  dispersion  boundary  for  each  set  of  initial 
conditions  and  configuration  parameters  was  determined  by  either  varying 
the  orientation  of  the  initial  plane  of  incidence  or  the  roll  orientation  of  the 
body-axes,  depending  on  whether  the  bomblet  was  initially  at  a  finite  angle 
of  attack  or  zero  angle  of  attack,  respectively.  This  procedure  approxi¬ 
mates  the  maximum  dispersion  boundary  but  does  not  provide  information 
on  the  probable  distribution  of  bomblets  within  the  pattern.  The  latter 
requires  detailed  statistical  knowledge  of  bomblet  configurational  assymme- 
tries  and  motion  perturbations  at  dispenser  opening.  Consideration  of  these 
factors  was  beyond  the  scope  of  the  present  program. 

For  each  dispenser  opening  condition,  the  vertical  plane  tra¬ 
jectory  projection,  along  with  the  ground  impact  boundary  curve,  has  been 
plotted  (Figures  14  through  17).  These  data  are  presented  for  a  nominal 
fin  cant  angle  of  0.  1  degree. 

Comparing  Figures  14  and  15  for  the  300-foot  release  altitude, 
it  is  noted  that  the  size  of  the  impact  pattern  increases  greatly  when  thc 
dispenser  velocity  is  raised  from  300  ft/sec  to  600  ft/sec.  Increasing  the 
release  altitude  to  1000  feet  and  the  flight  path  angle  to  15  degrees  (Figure 
16)  does  not  appreciably  change  the  pattern  size,  but  the  total  pattern  width 
is  increased  from  about  1400  feet  to  1600  feet  while  the  pattern  length  is 
reduced  to  about  2250  feet.  For  the  900  ft/sec  dispenser  opening  condition 
(Figure  17),  the  dispersion  and  impact  pattern  of  the  blunt-nnse  bomblet 
are  seen  to  be  extremely  small,  due  to  the  bomblet' s  stable  fiight 
characteristics  at  small  angles  of  attack  in  the  transonic  Mach  number 


25 


Cross-Range  -  Ft 


h  -  Ft 


Figure  14.  Trajectory  and  Impact  Boundary  Data  for  Blunt-Nose 
S-Curve  Bomblet  with  0.  1  Degree  Fin  Cant  and  Initial 
Angle  of  Attack  of  5.0  Degrees 

Dispenser  Opening  Conditions:  hQ  =  300  ft,  VQ  =  300  ft/sec, 
y  -  5  degrees 
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Figure  15.  Trajectory  and  Impact  Boundary  Data  for  Blunt-Nose 
5>-Curve  Bomblet  with  0.1  Degree  Fin  Cant  and  Initial 
Angle  of  Attack  of  5.0  Degrees 

Dispenser  Opening  Conditions:  hQ  =  300  ft,  VQ  =  600  ft/sec, 
Y  =  5  degrees 
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Figure  16.  Trajectory  and  Impact  Boundary  Data  for  Blunt-Nose 
S-Curve  Bomblet  with  0.1  Degree  Fin  Cant  and  Initial 
Angle  of  Attack  of  5.0  Degrees 

Dispenser  Opening  Conditions:  hQ  =  1000  ft. 

V0  -  600  ft/ sec,  y  =15  degrees 
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Figure  17.  Trajectory  and  Impact  Boundary  Data  for  Blunt-Nose  and 
Hemisphere-Nose  S-Curve  Bomblets  with  0.1  Degree  Fin 
Cant  and  Initial  Angle  of  Attack  of  5.0  Degrees 


Dispenser  Opening  Conditions:  hc  =  2G00  ft. 
Vn  =  900  ft/ sec,  y  =  45  degrees 


regime.  The  alternate  hemi sphere -nose  bomblet,  however,  has  a  large 
dispersion  pattern  because  the  trim  angle  of  attack  is  about  5.0  degrees  at 
the  release  Mach  number.  The  pattern  size,  at  900  ft/sec  dispenser  open¬ 
ing  velocity,  is  about  the  same  as  at  the  600  ft/sec  dispenser  opening 
conditions.  The  lack  of  pattern  growth  with  increase  in  velocity  from  600 
ft/sec  to  900  ft/sec  is  attributed  to  the  increased  coning  rate  at  the  higher 
velocity,  as  discussed  previously. 

Effect  of  Fin  Cant.  The  effect  of  fin  cant  on  the  trajectory 
and  dispersion  data  is  depicted  in  Figures  18  and  19  for  dispenser  opening 
conditions  II  and  III,  respectively.  For  the  shallow  low-altitude  delivery 
at  600  ft/sec  (Figure  18),  it  is  seen  that  the  impact  pattern  boundary  signifi¬ 
cantly  decreases  if  the  fin  cant  angle  is  raised  to  0.  5  degree.  In  contrast, 
the  pattern  boundary  greatly  expands  when  the  fin  cant  angle  is  reduced  to 
0.02  degree.-,  and  a  pattern  width  in  excess  of  3000  feet  is  obtained.  In  the 
latter  case,  the  spin  rate  is  always  less  than  the  critical  spin;  therefore, 
the  pattern  size  is  the  maximum  achievable. 

Similar  results  are  obtained  for  the  small  fin  cant  angle  at  the 
1000-foot  bomblet  release  altitude,  dispenser  opening  condition  III. 

An  interesting  aspect  of  the  S-curve  bomblet  performance, 
is  the  extent  of  the  increase  in  flight  range  when  the  spin  rate  is  sub-critical. 
The  horizontal  distance  to  impact  is  three  and  two  and  one-half  times  that 
of  the  zero-lift  trajectories,  for  dispenser  opening  conditions  II  and  III, 
re  spectively . 


Release  at  Zero  Angle  of  Attack.  The  difficulty  of  simulating 
the  S-cur  e  bomblet  dynamics  when  the  bomblet  angle  of  attack  is  initially 
zero  has  been  previously  described.  For  zero  angle  of  attack  release,  the 
dispersion  is  critically  dependent  on  the  body-fixed  moment  coefficients 
Cni(J  and  CnQ,  as  w’ell  as  the  fin  cant. 

The  effect  of  CmQ  on  the  dispersion  pattern  is  depicted  in 
Figure  20  for  dispenser  opening  condition  II.  A  misalignment  which  pro¬ 
duce  s  a  Cm0  of  0.02  is  seen  to  result  in  a  small  size  impact  pattern,  com¬ 
pared  to  the  pattern  boundary  obtained  for  a  5.0-degree  initial  angle  of 
attack.  However,  a  smaller  value  of  Cmo,  equal  to  0.004,  results  in  a 
pattern  size  slightly  larger  than  that  obtained  with  5.0  degrees  initial  angle 
of  attack. 
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Figure  18.  Effect  of  Fin  Cant  on  Impact  Boundary  for  FIunt-Nose 
S-Curve  Bomblet  with  Initial  Angle  of  Attack  of  5.0 
Deg  rees 

Dispenser  Opening  Conditions:  hQ  =  300  ft, 

VQ  =  600  ft/sec,  y  =  5  degrees 
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Figure  19.  Effect  of  Fin  Cant  on  impact  Boundary  tor  Blunt-Nose 
S-Curve  Bomblet  with  Initial  Angle  of  Attack  of  5.0 
Deg  ree  s 

Dispenser  Opening  Conditions:  hQ  1000  ft, 

VQ  -  600  ft/sec,  =  *5  degrees 
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Figure  20.  Effect  of  Release  Angle  of  Attack  and  Misalignment 
Moment  on  the  Impact  Boundary  of  the  Blunt-Nose 
S-Curve  Bomblet  with  0.1  Degrees  Fin  Cant 

Dispenser  Opening  Conditions:  hQ  =  300  ft, 

Vn  =  600  ft/sec,  y  =  5  degrees 
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B.  ROLL- THROUGH-ZERO  BOMBLET 


1 .  Description  of  Concept. 

A  body-fixed  trim  incidence  or  lift  force  does  not  generally 
lead  to  large  dispersion  of  ballistic  bodies,  since  there  is  usually  sufficient 
rolling  motion  from  intentional  or  accidental  asymmetries  to  cause  the 
direction  of  the  lateral  force  to  vary  continuously.  As  a  result,  the  flight 
path  has  a  corkscrew  appearance  and  the  deflection  from  the  zero-lift  tra¬ 
jectory  is  small.  An  exception  to  the  above  is  the  case  where  the  body  rolls 
through  zero  angular  velocity.  In  this  instance,  there  is  a  period  where 
large  dispersion  can  occur  in  a  particular  lateral  direction. 

The  roll -through- zero  (RTO)  bomblet  is  comprised  of  a  lifting- 
body  configuration  equipped  with  a  roll-producing  device  which  will  cause 
the  bomblet  to  spin  in  a  direction  opposite  to  that  of  the  dispenser  from 
which  it  is  released. 

2.  Theory. 

A  simplified  dispersion  theory  for  the  roll-through-zero  type 
bomblet  has  been  developed  (Appendix  III),  which  considers  the  roll  and 
lateral  translation  degrees  of  freedom  in  an  approximate  manner.  It  is 
found  that  the  deflection  of  the  trajectory  from  the  point  at  which  zero  roll 
rate  occurs,  is  closely  approximated  when  there  are  many  subsequent  roll 
cycles  by  the  deflection  which  occurs  during  the  first  tt/4  cycle  of  roll. 

If,  in  addition,  several  roll  cycles  occur  prior  to  roll-through- zero,  the 
total  deflection  of  the  trajectory  is  given  by:  Equation  (6): 


The  above  expression  shows  that  the  deflection  of  the  lifting- 
body  trajectory  from  the  zero-lift  trajectory  is  proportional  to  the  normal 
force  coefficient,  as  mig.it  have  been  expected.  More  significant  is  the  fact 
that  the  deflection  is  inversely  proportional  to  the  square  root  of  the  rolling 
moment  coefficient  at  zero  roll  rate,  where  for  a  canted-fin  bomblet 
C  lQ  =  6  .  Thus,  if  roll-through-zero  can  be  made  to  occur  by  the  use 

of  a  very  small  C lQ  or  fin  cant,  a  large  trajectory  deflection  can  be  achieved. 
Also  noteworthy  is  the  fact  that  the  trajectory  deflection  is  independent  of 
the  flight  velocity. 

The  amount  of  dispersion  at  ground  impact  can  be  estimated, 
if  the  roll-through- zero  period  (time  required  to  roll  t  tt/4  cycles  from 
orientation  at  zero  roll  rate)  is  small  compared  to  the  total  flight  time,  and 
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if  the  corresponding  zero  lift  trajectory  is  closely  approximated  by  a 
straight  flight  path,  i.  e.  ,  not  affected  by  gravity.  With  these  assumptions, 
the  ground  impact  dispersion  in  the  direction  of  flight,  R  ,  and  the  cross¬ 
range  dispersion,  r  ,  can  be  expressed  as 


h 

2  rn'  sin  y 


Cl&  6 


2m'  sin^y”  ~\J  Cj^  6 


3.  Configurations. 

The  RTO  bomblet  configuration  must  basically  provide  for  a 
trimmed  lift,  a  predictable  roll  direction,  and  a  minimum  design  roll  torque. 
The  principal  problem  in  bomblet  aerodynamic  design,  is  the  achievement 
of  large  trimmed  lift  without  introduction  of  spurious  roll  moments,  which 
can  overpower  the  design  roll  torque. 

On  the  basis  of  the  above,  it  was  decided  that  the  bomblet  body 
should  have  a  fineness  ratio  of  about  six,  both  for  good  lift  characteristic® 
and  to  provide  an  adequate  moment  arm  for  the  stabilizing  fins.  A  boattaii 
afterbody  was  considered  desirahle  for  the  purpogf  of  decreasing  the  o.erall 
fin  size  and  the  space  required  for  bomblet  packaging.  As  a  means  of 
reducing  the  induced  roll,  two  design  appioaches  were  originally  considered: 

( utilization  of  a  ring-tail  stabilizer,  which  would  be  relatively  m  sensiti .  e 
to  roll,  and  (2)  employment  of  wing  incidence  or  bciy-nose  canit,  thereby 
permitting  the  body  to  trim  at  a  small  angle  of  attack.  After  some  considei 
ation  of  the  problems  associated  with  manufacturing,  packaging,  and  aero¬ 
dynamic  testing,  it  was  decided  to  delete  the  ring -tail  and  canted  nose  body 
configurations  from  further  consideration  during  the  present  effoit. 

The  basic  RTO  configuration  which  evolved  is  shown  in  Figure 
21.  The  cruciform  fins  of  the  basic  RTO  configuration  have  a  thick  wedge 
section  for  the  purpose  of  increasing  the  fin  effectiveness  at  transonic  Mach 
numbers  and  to  add  drag.  The  fin  tip  section  is  modified  to  improve  packag¬ 
ing.  The  low  aspect  ratio  wing  provides  added  lift  and  can  also  be  used  to 
produce  the  design  rolling  moment.  The  basic  RTO  homblet  can  aiso  be 
utilized  without  the  wing  surfaces,  in  which  case  fin  tabs  or  fin  incidence 
would  be  used  for  roll  control  and  longitudinal  trim. 


The  basic  RTO  configuration  was  scaled  to  a  3-inch  diameter 
prototype  size,  and  the  bomblet  was  assumed  to  weigh  3.2  pounds.  The  size 
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Basic  Poll-Through-Zero  Bomblet  Physical  Characteristics 


and  inertia  properties  of  the  basic  RTO  bomblet  configuration  are  compar¬ 
able  to  the  Australian  S-curve  bomblet 

Daring  the  course  of  the  analytical  investigations,  it  became 
apparent  that  a  bomblet  geometry  similar  to  the  basic  S-curve  bomblet  con¬ 
figuration  might  also  be  considered.  The  S-curve  bomblet  shape  has  the 
advantage  of  a  small  induced  roll  moment,  even  though  the  lift  curve  slope 
is  considerably  less  than  that  of  the  basic  RTO  configuration.  Consequently, 
an  alternate  RTO  configuration  (Figure  22)  was  adopted.  The  alternate  RTO 
bomblet  was  scaled  to  a  2 -inch-diameter  prototype  size,  and  the  physical 
characteristics,  except  for  c.g.  location,  are  the  same  as  the  blunt-nose 
S-curve  bomblet  (Figure  1). 

4.  Aerodynamic  Characteristics- 

The  subsonic  lift  and  pitching  moment  characteristics  of  the 
basic  RTO  bomblet  with  the  wing  attached  at  10  degrees  incidence  are  shown 
in  Figure  23.  These  data,  as  well  as  all  other  static  aerodynamic  data  for 
the  RTO  bomblet,  were  obtained  from  the  wind  tunnel  tests  accomplished  at 
AEDC  as  part  of  the  present  effort.  These  test  data  are  described  in  detail 
in  (4).  The  pitching  moment  data  in  Figure  23  are  presented  for 
two  center-of-gravity  locations:  the  aft  location  (2.6  calibers  from  nose) 
was  used  for  the  AEDC  wind  tunnel  data  reduction,  and  the  forward  location 
(2.077  calibers  aft  of  the  nose)  was  used  for  flight  simulations.  As  can  be 
seen,  unfavorable  wing-tail  interference  results  in  a  large  region  of  insta¬ 
bility  for  the  aft  center-of-gravity  location.  With  the  forward  c.  g.  ,  the 
trim  angle  of  attack  with  10  degrees  wing  incidence  is  8  degrees,  and  the 
corresponding  trimmed  normal  force  coefficient  is  1.09,  which  includes 
the  body-fixed  zero  angle-of-attack  lift  contribution  of  the  wing. 

Figure  24  shows  the  roll  moment,  side  force,  and  side  moment 
coefficients  of  the  basic  RTO  bomblet  with  wing  at  10  degrees  incidence,  as 
a  function  of  the  angle  of  attack  and  aerodynamic  roll  angle,  $  .  The  in¬ 
duced  aerodynamic  force  and  moments  are  appreciable,  even  at  small 
angles  of  attack,  largely  due  to  the  presence  of  the  \/ing. 

Without  the  wing,  the  subsonic  lift  and  pitching  moment  char¬ 
acteristics  of  the  basic  RTO  bomblet  are  as  shown  in  Figure  25,  for  a  center- 
of-gravity  location  2.7  calibers  aft  of  the  bomblet  nose.  In  this  configuration, 
a  body-fixed  moment  coefficient  of  0.205  is  required  for  trim  at  8  degrees 
angle  of  attack.  This  moment  can  be  obtained  with  fin  incidence  or  fin  tabs. 
The  subsonic  trimmed  normal  force  coefficient  is  0.55,  which  is  about  one- 
half  the  normal  force  obtained  with  the  winged  configuration.  The  roll 
moment,  side  force,  and  side  moment  coefficient,  as  a  function  of  angle  of 
attack  and  aerodynamic  roll  angle,  are  shown  in  Figure  26.  It  will  be 
observed  that  the  induced  roll  moment  is  reduced  to  zero  at  angles  of  attack 
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Physical  Data 

Weight  =  1.51  pounds 

Ix  =  1.  629  x  10'4  slug-ft2 
I  =  1.  06  x  10' 3  slug-ft2 

Figure  22.  Alternate  Roll-Through  Zero  Bomblet  Physical 
Characteristics 
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Figure  23.  Subsonic  Lift  and  Pitching  Moment  Characteristics 
of  Basic  RTO  Bomblet  Configuration  with  Wing  at 
10  Degrees  Incidence 
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Figure  25,  Subsonic  Lift  and  Pitching  Moment  Characteristics 
of  Basic  RTO  Romblet  without  'A'ing 
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Figure  2^.  Roll  Moment,  Side  Force,  and  Side  Moment 
Characteristics  of  Basic  RTO  Bo  ml;  let 
without  Wings 
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less  than  12  degrees  by  removal  of  the  wing.  However,  the  induced  side 
moment  remains  large. 

For  the  analytical  investigations,  it  was  necessary  to  estimate 
the  aerodynamic  roll  characteristics  of  the  basic  RTO  bomblet,  since  the 
roll  dynamics  data  from  the  AEDC  wind  tunnel  tests  were  not  available. 

For  the  basic  RTO  condigurations,  a  design  rolling  moment  coefficient  of 
0.0015  was  assumed.  This  is  the  estimated  roll  torque  produced  by  -  0.3 
degree  differential  deflection  of  the  wing  surfaces. 

Pitch  damping  data  were  also  estimated.  The  pitch  damping 
was  assumed  to  be  linear  and  due  entirely  to  the  lift  of  the  stabilizing  fins. 

A  summary  of  the  aeroballistic  and  aerodynamic  coefficients 
of  the  basic  RTO  bomblet  without  wings,  including  Mach  number  variations, 
is  presented  in  Table  II.  These  data  are  presented  in  the  notation  used  for 
the  6-DOF  trajectory  program,  as  described  in  Appendix  I. 

For  the  alternate  RTO  bomblet  configuration  (S-curve  bomblet 
geometry),  the  aerodynamic  data  are  identical  to  that  shown  in  Figure  3  for 
the  basic  blunt-nose  S-curve  bomblet,  except  that  the  center -of- gravity  is 
moved  0.1  caliber  forward.  This  bomblet  has  a  design  trim  angle  of  attack 
of  10  degrees  at  Mach  number  0,5,'  which  requires  a  trim  moment  coeffi¬ 
cient  of  0.07.  The  induced  roll  moment  of  the  alternate  RTO  bomblet  con¬ 
figuration  is  zero  for  angles  of  attack  less  than  16  degrees,  and  the  induced 
side  moment  is  small  in  the  trim  angle -of-attack  range.  The  design  rolling 
moment  for  the  alternate  RTO  bomblet  is  based  on  0.3  degrees  fin  cant. 

5.  Motion  Simulations. 

Exact  motion  simulations  have  been  carried  out  for  the  RTO 
type  bomblet  using  the  6-DOF  trajectory  program  described  in  (3) 
and  the  aerodynamic  and  physical  characteristics  data  described  in  the 
preceding  paragraphs.  The  6-DOF  motion  simulations  supplement  the  basic 
roll -through- zero  dispersion  theory,  and  provide  a  description  of  the  bomb- 
let  flight  behavior  as  influenced  by  all  of  the  aerodynamic  coefficients  and 
the  coupling  of  the  rolling  and  pitching  degrees  of  freedom.  In  addition,  the 
transient  effects  introduced  by  the  initial  flight  conditions  are  determined 
by  the  6-DOF  simulations. 

As  with  the  S-curve  bomblet  concept,  the  principal  motion 
variables  of  interest  are  the  angle  of  attack  and  the  orientation  of  the  angle 
of  attack  plane  with  respect  to  an  earth-fixed  reference  frame.  The  latter 
is  described  by  the  angle  $  ,  which  is  defined  in  Appendix  I.  The  other 
variables  of  interest  are  the  orientation  of  the  angle -of-attack  plane  with 
respect  to  the  body  axes  (angle  $  ).  and  the  roll  rate. 
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A'<:.k  aerodynamic  data  summary 

R TO  BOMBLET  WITHOUT  WINGS 
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Figure  27  depicts  the  motion  histories  of  a  hypothetical  RTO 
bomblet  (similar  to  the  basic  RTO  bomblet  configuration)  with  linear  aero¬ 
dynamics  and  a  design  trim  lift  coefficient  of  0,5.  In  this  example, the 
induced  roll  moment,  side  force,  and  side  moment  coefficients  are  assumed 
to  be  zero.  The  dispenser  opening  conditions  are  h0  =  1000  ft,  VQ  =  600  fps, 
and  y  =  15  degrees,  and  the  bomblet  is  released  at  zero  angle  of  attack 
and  with  a  negative  roll  rate  of  2  cycles  per  second.  Following  release  from 
the  dispenser,  the  bomblet  roll  direction  reverses,  due  to  the  built-in  posi¬ 
tive  roll  torque  (Cj,  =  0.0015).  At  the  same  time,  the  angle  of  attack,  a  , 
responds  to  the  built-in  trim  moment  and  rapidly  damps  to  the  static  trim 
angle  of  four  degrees.  The  orientation  of  angle -of-attack  plane  with  respect 
to  the  body  axes, (angle  $  )  is  at  first  oscillatory  and  then  damps  to  zero, 
indicating  that  the  rolling  and  non-rolling  trim  angle-of-attack  vectors  are 
coincident.  The  orientation  of  the  angle  of  attack  plane  with  respect  to 
horizontal  (angle  <5  )  also  shows  oscillatory  behavior  due  to  pitch- roll 
coupling  effects.  The  region  where  O’  is  within  tt  /4  of  the  value  of  0  at 
zero  roll  rate  is  indicated  in  Figure  27,  and  the  corresponding  time  period 
is  noted  to  be  about  0.92  second-.  On  the  basis  of  the  simplified  theory, 
this  period  is 


t  =  0.86  sec 

which  illustrates  fair  agreement  between  the  6 -DOF  results  and  the  simpli¬ 
fied  theory.  Comparisons  of  the  theoretical  and  6-DOF  results  for  flight 
path  deflection  and  lateral  dispersion  show  that  for  this  case  the  theory 
underpredicts  these  quantities,  the  predicted  dispersion  being  about  20  per¬ 
cent  less  than  that  indicated  by  the  6-DOF  simulations. 

Figure  28  illustrates  typical  motion  histories  which  were 
obtained  using  the  measured  aerodynamic  data  for  the  basic  RTO  bomblet 
configuration  with  the  wing  at  10  degrees  incidence  (see  Figures  23  and  24). 
In  this  case,  the  induced  roll  moment  overpowers  the  built-in  positive  roll 
torque  and  produces  very  large  pitch- roll  coupling  etfects.  The  aerody¬ 
namic  roll  angle,  ,  initially  damps,  but  then  slowly  diverges.  This 
results  in  a  gradual  increase  in  the  induced  side  moment  as  well  as  the 
induced  roll  moment,  and  after  approximately  0.8  second,'  .  a  rapid,  un¬ 
stable,  counterclockwise  coning  motion  develops.  Figure  29  shows  the 
development  of  the  coning  motion  in  G  .  b  coordinates.  Because  of  the 
erratic  flight  dynamics  and  poor  dispersion  of  the  RTO  bomblet  configura¬ 
tion  with  wing  surfaces,  and  since  there  was  no  apparent  method  for  reduc¬ 
ing  the  roll  dependent  aerodynamic  characteristics  contributed  by  the  wing, 
this  type  RTO  bomblet  was  dropped  from  further  consideration. 
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Figure  27,  Motion  Histories  for  Winged  RTO  Bomblet  with  Linear 
Aerodynamics  and  No  Roll  Dependent  Coefficients 

Dispenser  Opening  Conditions:  hQ  =  1000  ft, 

VQ  =  600  ft/sec,  Y  i-  IS  degrees 
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Figure  28.  Motion  Histories  for  Rasic  RTO  Romblet 
with  Wing  at  10  Degrees  Incidence 


Dispenser  Opening  Conditions:  h0 
VQ  =  600  ft/sec,  i  :  6  degrees 


300  ft. 


Typical  flight  cha  radon  si  ich  of  the  wingless  RTO  bomblet 
|  Figure  21(A)]  arc  depicted  in  Figure  30  for  release  conditions  identical  to 
those  considered  for  the  preceding  cases.  This  configuration  possesses  an 
induced  side  moment,  but  no  induced  roll  moment  at  the  static  trim  angle  of 
attack.  The  angle-of- attack  dynamics  for  the  wingless  configuration  exhibit 
considerable  pitch- roll  coupling  including  relatively  large  -  amplitude  poorly- 
damped  oscillations  of  4,4,  and  & .  The  4  oscillations  have  a  near 
zero  mean  and  consequently  the  side  moment  has  a  small  net"*effect  on  the 
motion.  Although  the  4  oscillations  are  large,  there  is  a  relatively  long 
period  (about  0.  8  second)  where  the  angle-of-attack  plane  remains  within 
one  quadrant,  and  this  provides  for  significant  deflection  of  the  flight  path 
from  the  zero-lift  trajectory. 

The  alternate  RTO  bomblet  (Figure  22)  also  has  zero-induced 
roll  moment  at  angles  of  attack  equal  to  or  less  than  the  trim  angle  of  attack 
and  small  induced  side  moment.  However,  the  configuration  has  less  static 
stability  than  the  basic  RTO  bomblet  without  wings.  As  a  result,  the  angle- 
of-attack  dynamics  are  distinctly  different.  Figure  31  shows  time  histories 
of  the  same  motion  variables  which  have  beer,  examined  previously.  In  this 
example,  the  angle,  4  ,  does  not  approach  zero,  but  rather,  slowly  changes 
with  time  as  a  function  of  the  direction  and  magnitude  of  the  roll  rate.  This 
phenomenon  is  typical  near- resonance  behavior,  and  the  magnitude  of  4 
represents  the  phase  angle  between  the  rolling  and  non- rolling  trim  vectors. 
After  about  0.8  second  the  orientation  of  4  is  such  that,  for  a  six-fin  con¬ 
figuration,  the  sign  of  the  side  moment  changes  from  negative  to  positive. 
The  positive  side  moment  reduces  the  effective  damping,  and  consequently 
the  static  trim  angle  of  attack  is  amplified.  These  characteristics  are  often 
observed  in  sounding  rockets  and  have  been  extensively  studied  in  connection 
with  the  roll  lock-in  and  resonance  problem  areas.  [See, for  example,  (5)]. 

For  the  alternate  RTO  bomblet,  the  angle  A  varies  smoothly 
with  time;  however,  there  is  only  about  a  0.5  second  period  where  4  is 
within  tt/4  of  the  roll  -  through- ze  ro  orientation.  Consequently,  the  disper¬ 
sion  of  the  alternate  RTO  bomblet  configuration  is  somewhat  poorer  than 
that  of  the  basic  RTO  configuration  without  the  wing.  One  of  the  reasons 
for  this  is  that  the  design  roll  torque  for  the  alternate  RTC  bomblet  configu¬ 
ration  is  about  twice  that  of  the  basic  configuration. 

6.  Trajectory  and  Impact  Pattern  Characteristics. 

The  impact  dispersion  characteristics  of  the  ro;  1- through  -  zero 
type  bomblet  have  been  evaluated  for  the  standard  dispenser  opening  condi¬ 
tions  I  -  IV.  This  permits  the  RTO  bomblet  dispersion  boundaries  to  be 
compared  with  those  for  the  S-curvc  type  bomblet.  The  trajectory  and 
impact  pattern  data  for  the  RTO-typc  bomblet  were  computed  using  the 
exact  six-degrees-of-freedom  equations  of  motion. 
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Figure  30.  Motion  Histories  for  Basic  ’ITO  Bomblet 
without  Wings 

Dispenser  Opening  Conditions:  hQ  =  1000  ft, 
VQ  =  600  ft/sec,  Y,  -  15  degrees 
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Figure  31.  Motion  Histories  for  Alternate  R70  Bcmblet 
Configuration 

Disperser  Opening  Conditions:  hQ  =  1000  ft, 
VD  =  600  ft/scc,  y  -  15  degrees 
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!:i  a!!  casc-s.it  was  assumed  that  the  RTO  bomblets  had  zero 
angle  of  attack  at  the  instant  of  release  from  the  dispenser.  This  was  possi¬ 
ble  since  the  trim  mom  ent,  Cmo  ,  causes  the  nose  of  each  bomblet  to  rotate 
outward  from  the  dispenser  line  of  flight.  To  establish  a  ground  impact 
boundary  curve,  the  initial  orientation  of  the  y-z  body  axes  was  varied  by 
selecting  values  of  between  zero  and  2  tt  (at  intervals  of  t/4).  Since 
each  ixmiblet  rolls  through  almost  exactly  the  same  number  of  roll  cycles 
between  release  and  the  roll-through-zero  point,  the  deflection  of  the  flight 
path  at  zero  roll  rate  also  occurs  in  \arious  radial  directions. 

Figures  32-35  present  trajectory  and  dispersion  data  for  the 
RTO  bomblet  configurations. 

First,  attention  will  be  drawn  to  the  dispersion  characteristics 
of  the  basic  wingless  RTO  bomblet,  with  a  mean  roll  torque  coefficient  of 
0.0U15.  For  the  low -speed  dispenser  opening  condition  (Figure  32).  the  dis¬ 
persion  pattern  corresponding  to  the  mean  roll  torque  has  a  mean  width  of 
about  1^0  feet,  which  is  small.  For  the  high-speed  dispenser  opening  con¬ 
ditions, the  impact  pattern  size  increases  significantly,  and  for  dispenser 
opening  condition  III,  a  mean  pattern  width  of  about  600  feet  is  indicated, 
while  for  dispenser  opening  conditions  II  and  IV,  the  mean  pattern  width  is 
in  excess  of  400  feet. 

For  dispenser  opening  conditions  II  and  III,  the  dispersion 
patterns  of  the  basic  RTO  bomblet  tend  to  be  elliptical,  with  a  maximum 
ratio  of  along- range  to  cross-range  deflection  of  about  3:1.  For  the  45 
degree  release  angle,  dispenser  opening  condition  IV,  the  impact  pattern 
becomes  nearly  circular. 

Alternate  RTO  Bomblet  Configuration.  The  dispersion  of  the 
alternate  RTO  bomblet  configuration  is  compared  in  Figure  34  and  is  about 
one-half  that  of  the  basic  RTO  bomblet.  The  reduction  in  pattern  size  is  due 
primarily  to  the  larger  roll  torque  coefficient  of  the  alternate  bomblet  con¬ 
figuration. 

Comparison  with  Theory.  In  accordance  with  the  simplified 
theory,  the  lateral  dispersion  of  the  basic  RTO  bomblet  correlates  almost 
linearly  with  the  slant  range  between  the  roll-through- zero  point  and  impact 
point,  except  for  a  slight  discrepancy  in  the  case  of  dispenser  opening  condi¬ 
tion  IV.  A  good  correlation  with  slant  range  would  be  expected,  because  all 
of  the  other  parameters  in  the  theoretical  dispersion  equation  were  held 
constant  in  the  simulation  of  the  basic  configuration.  The  6- DOF  results 
confirm  that  the  RIO  bomblet  dispcr-:on  is  essentially  independent  of  the 
Might  velocity. 
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Figure  32,  Trajectory  and  Impact  Boundary  Data  for 
Basic  RTO  Bomblet  with  Wing  Removed 

Dispenser  Opening  Conditions:  h0  >00  ft, 
VQ  =  300  ft/sec,  Y.  =  5  degrees 
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Figure  34.  Trajectory  and  Impact  Boundary  Data  for 
Basic  RTO  Bomblet  with  Wing  Removed 

Dispenser  Opening  Conditions:  hQ  -  1000  ft, 
VQ  =  600  ft/sec,  Y#  =  15  degrees 
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gure  35.  Trajectory  and  Impact  Boundary  Data  lor 
Basic  RTO  Bomblet  with  Wing  Removed 

Dispenser  Opening  Conditions:  h0  =  2000  ft, 
VQ  r  900  ft/ see,  =  45  degrees 


Effect  of  Roll-Torque  Coefficient.  The  impact  points  which 
have  thus  far  been  presented  for  the  roll-through-zero  type  bomblet  do  not, 
as  in  the  case  of  S-curve  bomblet,  represent  the  maximum  dispersion.  The 
computed  dispersion  is  that  corresponding  to  a  mean  value  of  the  design  roll 
torque,  i.  e.  ,  the  design  roll  torque  coefficient.  Assuming  ti  at  the  stabiliz¬ 
ing  fins  are  canted  to  produce  the  design  torque,  it  must  be  considered  that 
the  average  fin  cant  will  not  be  identical  for  all  bomblets  due  to  production 
tolerances,  assembly,  damage,  etc.  The  stati stical  variation  of  the  fin 
cant  may  be  something  like  the  normal  distribution  sketched  below: 

F  requency 


Thus,  bomblets  which  have  6  values  less  than  the  mean  value  will  tend  to 
have  greater  dispersion,  while  those  with  6  values  greater  than  the  mean 
wili  have  less  dispersion.  It  is  also  to  be  noted  that  some  bomblets  have 
negative  6  and  hence  will  not  reverse  their  roll  direction.  These  bomb- 
lets  will  have  very  small  dispersion. 

Assuming  for  the  basic  wingless  RTO  bomblet  that  the  two 
sigma  error  in  the  design  roll  torque  coefficient  is  0.0010,  then  the  pattern 
boundary  containing  95  percent  of  the  bombiet  impacts  would  be  evaluated 
with  Q,  =  0.0005.  Such  a  boundary  is  shown  in  Figure  34  for  dispenser 
opening  condition  III.  The  pattern  width  is  increased  to  about  800  feet.  It 
is  noteworthy  that  the  exact  calculation  for  the  effect  of  C£  on  dispersion 
is  in  close  agreement  with  theory,  i.  e.  ,  the  dispersion  is  inversely  propor¬ 
tional  ,o  the  square  root  of  the  roll  torque  coefficient. 

Effect  of  Dispenser  Spin  Rate.  The  dispenser  spin  rate  affects 
the  RTO  bomblet  performance  in  two  ways.  F  irst,  an  increase  m  the  dispen¬ 
ser  spin  rate  delays  the  time  at  which  roll -through- zero  occurs.  This 
causes  the  trajectory  to  be  deflected  closer  to  the  target,  thus  reducing  the 
dispersion.  Second,  the  dispenser  spin  rate  affects  the  change  in  roll 
orientation  which  occurs  prior  to  roll -through- zc ro.  If  the  dispenser 
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Range,  X  -  Ft 


Figure  36,  Effect  of  Dispenser  Spin  Rate  on  RTO  Bomblet 
Impact  Dispersion 

Dispenser  Opening  Conditions:  hQ  =  300  ft, 

VD  =  600  ft/ sec,  Ye  =  5  degrees 
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spin  rate  were  initially  zero;  the  trajectory  deflection  would  be  reduced  to 
about  one -half  the  maximum  value. 

An  exact  determination  of  the  effect  of  dispenser  spin  rate  was 
accomplished  by  use  of  the  6 -DOF  trajectory  program.  The  hypothetical 
RTO  bomblet  with  linear  aerodynamics  and  design  lift  coefficient  of  0.5  was 
utilized  for  the  investigation.  The  bomblet  rolling  moment  coefficient  was 
assumed  to  be  0.0015.  The  resulting  impact  pattern  data  are  shown  in 
Figure  36  for  dispenser  spin  rates  of  1.0  and  2.0  cycles  per  second.  The 
dispersion  is  about  30  percent  greater  for  the  2.0  cps  spin  rate. 


C.  DUAL-MODE  BOMBLET 

1 ,  Description  of  Concept. 

The  dual-mode  bomblet  concept  combines  the  dispersion  cap¬ 
ability  of  the  magnus  rotor  with  the  terminal  flight  characteristics  of  the 
conventional  bomb.  The  dual-mode  feature  requires  a  change  in  bomblet 
configuration  during  flight,  for  both  the  purposes  of  retarding  or  stopping 
the  spin  associated  with  the  magnus-rotor  operation  and  stabilizing  the 
configuration  at  small  angle  of  attack  for  terminal  impact.  The  dual-mode 
bomblet  configurations  investigated  to  date  [  (6),  (7),  and  (8)  ],  have 

been  comprised  of  a  cylindrical  body  with  two-position  folding  vanes.  When 
closed,  the  vanes  serve  to  spin  the  magnus  rotor;  when  open,  they  provide 
stabilizing  surfaces  for  ballistic  flight.  The  open  vanes  also  provide  an 
increase  in  drag  which  results  in  a  more  vertical  flight  path  at  impact. 

2.  Backg  round. 

The  dual-mode  bomblet  concept  was  evolved  as  a  means  of 
providing  an  efficient  fragmenting-warhead  geometry,  together  with  a  near¬ 
vertical  impact  capability.  The  cylindrical- shaped  warhead,  with  a  fineness 
ratio  of  about  2:1,  was  found  to  provide  greater  lethality  than  existing 
spherical  magnus-rctor  munitions. 

Preliminary  analytical  studies  of  the  dual-mode  concept  were 
concerned  with  the  bomblet  flight  dynamics  during  transition  from  magnus 
rotor  to  ballistic  flight.  These  investigations  determined  that  the  dual-mode 
concept  was  feasible,  based  on  available  but  incomplete  aerodynamic  data. 
At  the  same  time,  limited  w’ind  tunnel  tests  of  dual-mode  bomblet  configura¬ 
tions  were  undertaken,  both  for  measurement  of  aerodynamic  forces  and 
evaluation  of  the  transition  spin  dynamics.  These  experiments  revealed 
that  a  major  problem  area  was  the  tendency  of  the  stabilizing  vanes  to  auto- 
rotate  at  large  angular  velocities  in  the  ballistic  flight  mode.  It  was  realized 
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that  auto  rotation  could  produce  a  large  magnus  moment,  v/hich  would  pre¬ 
clude  stable  ballistic  flight  at  small  angles  of  attack. 

To  mitigai..  tic. s  effect,  a  symmetric  blunt-leading-edge  vane 
was  developed  for  the  Fliptail  dual-mode  bomblet  (8).  This  vane  produced 
no  auto  rotation  at  small  angles  of  attack  and  only  slow  autorotation  angular 
velocities  at  large  angles  of  attack.  Subsequently,  a  successful  flight  demon¬ 
stration  of  the  Fliptail  bomblet  was  accomplished  at  120  knots  airspeed,  and 
transition  from  the  magnus  rotor  mode  to  ballistic  flight  was  observed  to 
occur  in  about  one  second. 

3.  Configurations. 

For  the  present  effort,  both  a  vane- stabilized  (Fliptail-type) 
dual-mode  bomblet  and  a  ballute  -  stabilized  dual-mode  bomblet  were  selected 
for  evaluation.  Each  bomblet  is  comprised  of  a  cylindrical  warhead  body, 
1,78  calibers  in  length,  plus  the  necessary  spin-torque  vanes  and  stabilizing 
appendages.  The  warhead  body  was  scaled  to  3.38  inches  in  diameter,  and 
the  bomblet  weight  was  assumed  to  be  6.5  pounds,  consistent  with  the 
Fliptail  bomblet  characteristics.  The  external  configuration  of  each  bomb- 
let  and  the  corresponding  physical  characteristic  data  are  summarized  in 
Figure  37. 


Each  dual-mode  bomblet  has  the  same  magnus- rotor  configura¬ 
tion,  consisting  of  four  spin-torque  vanes  and  two  square-type  end  plates. 
The  end  plates  serve  primarily  to  hold  the  spin-torque  vanes  in  position 
and  are  jettisoned  at  the  start  of  transition. 

Previous  analytical  work  (8),  (9)  and  unpublished  results  from 
flight  tests  show  that  the  magnus-rotor  configuration  is  dynamically  stable 
in  gliding  flight. 

Two  ballistic  versions  of  the  Fliptail  bomblet  have  been  con¬ 
sidered,  corresponding  to  vane  trail  angles,  £  *  of  zero  and  45  degrees. 
Two  vane  angles  were  selected  for  evaluation,  because  of  the  variation  in 
the  restoring  moment,  magnus  moment,  and  spin  damping  characteristics 
with  vane  angular  position. 

The  ballute-type  stabilizing  device  was  selected  because  of  its 
simplicity  of  operation,  and  it  is  envisioned  that  its  deployment  would  be 
initiated  by  an  internal  pressure  source.  The  ballute-type  stabilizer  neces¬ 
sitates  the  use  of  separate  throw-away  spin  vanes  for  magnus  rotor  opera¬ 
tion. 

The  ballute  geometry  is  based  on  the  data  of  (10),  and 
includes  a  circumferential  flow  separation  ring.  In  addition,  four  longitudi¬ 
nal  ribs  are  attached  to  the  forward  surface  of  the  ballute  as  a  means  of 
increasing  the  roll  damping. 
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a)  Magnus  Rotor 


Weight  =  6.  5  lbs. 

Ix  =  0.00278  slug-ft2 


lbs. 

slug-ft^ 

slug-ft1" 


c)  Balute-Stabilized  Bomblet 


Figure  37.  Dual-Mode  Bomblet  Configurations 
and  Physical  Characteristics  D*ta 
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Aerodynamic  Data  -  Ballistic  Configurations. 


Static  Aerodynamic  Data.  The  static  aerodynamic  force  and 
moment  coefficients  for  the  dual-mode  bomblet  configurations  were  obtained 
from  wind  tunnel  tests  at  AEDC.  The  details  of  these  tests,  which  were 
accomplished  concurrently  with  the  present  contractual  effort,  are  described 
in  (4).  Subsonic  normal  force,  drag  force,  and  pitching  moment 
data  were  measured  at  angles  of  attack  from  zero  to  160  degrees,  and  the 
effect  of  the  aerodynamic  roll  angle  was  determined  for  angles  of  attack 
from  zero  to  20  degrees.  These  data  are  presented  in  Figures  38-41. 

The  principal  difference  in  the  static  aerodynamic  character¬ 
istics  of  the  three  dual-mode  bomblets  is  the  variation  of  the  pitching  moment 
with  angle  of  attack.  The  trailing -vane  configuration  (  5  =  45  degrees)  is 
more  stable  than  the  configuration  with  no  trail  (  £  =  0)  at  all  angles  of 
attack.  The  ballute  configuration  has  greater  stabilitv  than  either  of  the 
vane  configurations  at  zero  angle  of  attack  but  less  stability  at  90 
degrees  angle  of  attack.  The  ballute  configuration  is  also  stable  in  backward 
flight,  which  may  be  an  undesirable  characteristic.  At  zero  angle  of  attack, 
the  ballute  configuration  has  about  three  times  as  much  drag  as  either  of  the 
vane  -  stabilized  configurations. 

Dynamic  Aerodynamic  Coefficients  for  Vane-Stabilized 
Bomblet.  Magnus  force  and  moment  and  spin  damping  data  for  the  vane- 
stabilized  bomblets  were  estimated  from  published  and  unpublished  Aerojet- 
General  test  data  for  the  Fliptail  bomblet.  The  DJagnus  coefficients  for  the 
vane  configurations  with  zero  trail  were  determined  from  tests  of  a  model 
with  twisted  vanes  and  hence  may  be  considerably  in  error.  The  magr.us 
data  for  the  trailing -vane  configuration  were  measured  at  low  spin  rates 
and  may  also  be  inaccurate.  However,  the  overall  magnitude  and  trend  of 
the  magnus  data  are  believed  to  be  adequate  for  investigation  of  the  dual  - 
mode  bomblet  transition  dynamics. 

Pitch  damping  data  for  the  vane-type  dual -mode  bomblet  were 
based  on  previous  estimates  for  the  Fliptail  bomblet.  The  rolling  moment 
due  to  vane  cant  was  estimated  from  the  data  of  (11). 

Table  III  summarizes  the  aerodynamic  data  which  were  used 
for  six-degrees-of-freedom  simulations  of  the  vane-type  dual-mode  bomblet 
(  C  =  4 5  degrees). 

Dynamic  Aerodynamic  Coefficient  for  Ballute -Stabilized 
Bomblet.  Magnus  and  damping  coefficients  for  the  ballute  -  stabilized  bomb- 
let  had  to  be  approx  i  -  •  since  neither  adequate  theory  nor  test  data  were 
available.  The  pitch  a-  ng  was  estimated  from  the  assumption  that  the 
ballute  drag  force  wou'd  align  with  the  local  flow.  The  magnus  force  and 


Vane- Stabilized  Bomblet  C  =  0 


-  Vane-Stabilized  Bomblet  C  =  45  Deg 

C;^  _ — Ballute  Stabilized  Bomblet 


Figure  39.  Normal  Force  Coefficient  of  Dual-Mode  Bomblet 
Configurations 
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Vane-Stabilized  Bomblet  5  =  0 
Vane-Stabilized  Bomblet  t,  =  45  Deg 


C  — — - - Ballute-Stabilized  Bomblet 

m 


Figure  40.  Pitching  Moment  Coefficient  of  Dual-Mode 
Bomblet  Configurations 
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TABLE  III.  AERODYNAMIC  DATA  SUMMARY:  VANE-STABILIZED  DUAL-MODE  BOMBLET 

(  C  =  45  DEGREES) 
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Note:  All  data  low  speed. 


moment  were  determined  with  the  aid  of  magnus- rotor  data,  for  angles  of 
attack  near  90  degrees;  at  intermediate  angles  of  attack  the  magnus  force 
was  assumed  to  be  due  entirely  to  the  lateral  cross  force  on  the  windward 
rib.  The  spin  damping  was  estimated  from  the  local  cross  force  on  the  ribs 
except  where  they  were  immersed  in  the  wake.  The  dynamic  coefficients 
for  the  ballute  stabilized  bomblet  are  summarized  below: 


Cmq  = 

-3.  9 

cNp  = 

-0.72  : 

a 

=  90  degrees 

CMp  = 

1.  00  : 

-► 

a 

=  90  degrees 

CMp  = 

0.  86  : 

-► 

a 

=  0 

C*p  = 

-.203  : 

-*• 

a 

=  90  degrees 

O 

it 

-.162  : 

a 

0 

5.  Aerc  namic  Data  -  Magnus  Rotor  Configuration. 

Aerodynamic  data  for  the  magnus  rotor  flight  phase  were  taken 
from  (8).  The  coefficient  values  at  90  degrees  angle  of  attack  and  subsonic 
conditions  are  as  follows: 

CD  =  1-13 

CL  =  1.23 

Ca  =  0.075 

C*p  =  -o.  170 

6 .  Motion  Simulations . 


The  practicability  of  the  dual-mode  bomblet  concept  depends 
almost  entirely  upon  the  bomblet  behavior  during  the  transition  period 
following  termination  of  magnus-rotor  flight.  The  transition  to  ballistic 
flight  must  occur  rapidly,  and  at  the  end  of  the  transition  period  the  bomblet 
must  have  attained  a  stable  motion. 

One  of  the  purposes  of  the  present  effort  was  to  ascertain  the 
factors  which  contribute  to  improved  transition  behavior.  Secondly,  there 
was  need  for  investigation  of  the  dynamic  effects  introduced  by  the  addition 
of  roll-dependent  aerodynamic  coefficients,  accidental  fin  cant,  and  body- 
fixed  longitudinal  asymmetry,  factors  which  had  not  heretofore  been  con- 
side  red. 


Initial  Conditions  Motion  simulations  have  been  carried  out 
for  the  dual-mode  bomblets,  using  the  6-DOF  trajectory  program  described 
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in  (3).  The  bomblet  transition  dynamics  were  investigated  for  initial  flight 
conditions  corresponding  to  steady  gliding  flight  in  the  magnus-rotor  mode, 
specifically, 


VQ  =  175  ft/sec 
y  =  64. 93  degrees 
pQ  =  548  rad/ sec 

-y 

a  =  90  degrees 

Vane- Type  Dual -Mode  Bomblet  (  t,  -  0  >*  The  transition 
dynamics  of  the  vane-type  dual  mode  bomblet  (no  vane  trail,  £  =  0)  were 
computed  without  consideration  of  configurational  asymmetries.  The  result¬ 
ing  histories  of  spin  rate,  angle  of  attack,  and  azimuth  orientation  are 
presented  in  Figure  42.  Although  the  bomblet  de spins  in  about  1.  5  seconds 
the  angle  of  attack  remains  near  90  degrees  for  several  seconds,  and 
after  five  seconds  the  angle  of  attack  oscillations  still  have  an  amplitude  of 
45  degrees.  Inspection  of  the  azimuth  motion  (Euler  angle  ip  )  reveals 
that  the  bomblet  develops  a  very  rapid  coning  motion  during  despin,  which 
persists  even  though  the  spin  rate  approaches  zero.  The  coning  motion 
damps  slowly  and  only  when  the  coning  rate  has  decreased  to  about  4  cps 
does  the  angle  of  attack  begin  to  diminish. 

An  arbitrary  increase  in  the  spin  damping  coefficient  by  a 
factor  of  two  did  not  significantly  reduce  the  large  amplitude  coning  motion 
of  this  configuration. 

From  a  dynamical  viewpoint,  the  transitional  motion  of  this 
bomblet  is  quite  complex.  For  the  first  0.34  second  of  transition,  the 
motion  is  characterized  by  a  highly  unstable  nutation,  but  subsequently  the 
motion  breaks  out  into  a  precessional-type  motion,  with  the  coning  opposite 
to  the  direction  of  axial  spin.  The  above  behavior  is  believed  to  be  initiated 
by  the  large  negative  magnus  moment  which  exists  at  90  degrees  angle 
of  attack.  The  persistence  of  the  large  angle  of  attack  coning  motion  is  due 
to  the  fact  that  this  mode  is  lightly  damped. 

Vane- Type  Dual-Mode  Bomblet  (  C  =  45  Degrees)  The  effect 
of  increasing  the  vane  trail  angle,  £  ,  to  45  degrees  is  depicted  in  Figure 

43.  The  transition  dynamics  are  greatly  improved,  primarily  as  a  result  of 
the  change  in  magnus  moment  characteristics.  The  spin  momentum  is  dis¬ 
sipated  without  the  development  of  a  rapid  coning  motion  and  the  nutational 
motion  is  suppressed.  Within  1.5  seconds  from  the  time  of  vane  deployment, 
the  total  angle  of  attack  decreases  to  less  than  10  degrees.  The  altitude  loss 
during  this  period  is  approximately  250  feet. 
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Figure  42.  Motion  Histories  During  Transition  from 
Glide-to-Ballistic  Flight 

Vane-Type  Dual  Mode  Bomblet  (  C  =  0  ) 
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Figure  43.  Motion  Histories  During  Transition  from 
Glide-to-Ballistic  Flight 

Vane-Type  Dual-Mode  Bomblet  (  C  =  45  degrees) 
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The  effects  of  unintentional  fin  cant  and  longitudinal  misalign¬ 
ment,  on  the  transition  dynamics  of  the  vane-type  dual-mode  bomblet 
(5  =  45  degrees)  have  also  been  investigated.  A  small  negative  fin  cant 

angle  of  0.2  degree  was  introduced  to  determine  the  suscept ibility  to  roll 
lock-in.  The  motion  data  are  shown  in  Figure  44.  Although  the  roll  orienta¬ 
tion  of  the  body  axes,  $  ,  approaches  a  fixed  value  between  1.1  and  1.5 
seconds,  there  is  no  corresponding  tendency  of  the  aerodynamic  roll  angle, 

4  ,  to  become  constant  (i.  e.  ,  to  lock-in).  The  lock-in  is  avoided,  princi¬ 
pally  because  of  the  finite  counterclockwise  coning  motion  during  the  1.1- 
to  1.5-second  time  period.  Thus,  the  change  in  angle  of  attack  plane  orienta¬ 
tion  has  more  effect  on  the  time  history  of  4  than  does  the  rolling  motion. 

The  effect  of  longitudinal  misalignment  is  most  significant  when 
the  bomblet  passes  through  or  approaches  a  pitch-roll  resonance  condition. 
One  resonant  condition  occurs  during  despin,  and  a  second  resonant  condi¬ 
tion  occurs  after  despin,  if  the  cant  angle  is  large  and  negative.  For  a 
misalignment  corresponding  to  Cmo  =  0.05  (1.25  degrees  non-rolling  trim) 
and  a  fin  cant  angle  of  -2.0  degrees,  motion  history  data  are  presented  in 
Figure  45.  The  motion  histories  of  the  angle-of -attack  parameters  do  not 
reveal  any  large  disturbances  or  extreme  trim  amplificatio  s,  although 
resonance  conditions  were  experienced  for  both  positive  and  negative  spin 
rates. 


Both  resonance  periods  are  of  short  duration,  the  second  being 
about  0.4  second-  Thus,  there  is  insufficient  time  for  a  noticeable  change 
in  the  angle  of  attack  due  to  trim  amplification. 

During  the  second  resonance,  there  is  a  momentary  roll  lock- 
in,  evidenced  by  the  reversal  in  sign  of  4  .  This  situation  occurs  at  the 
second  resonance  because  both  the  rolling  and  coning  motions  have  the  same 
direction  and  angular  rate.  There  does  not  appear  to  be  a  noticeable  effect 
of  the  side  moment  during  the  lock-in  period. 

Ballute -Stabilized  Dual-Mode  Bomblet  The  transitional 
motion  of  the  ballute  -  stabili  zed  dual- mode  bomblet  is  shown  in  Figure  46. 

A  period  of  about  7  seconds  is  required  for  the  angle  of  attack  to  de¬ 
crease  below  10  degrees,  and  the  spin  rate  decays  very  slowly.  However, 
the  motion  is  well  damped  at  all  angles  of  attack,  and  there  is  practically 
no  coning  motion. 

The  trajectory  and  impact  pattern  characteristics  of  the  dual¬ 
mode  type  bomblet  have  been  evaluated  for  standard  dispenser  opening  con¬ 
ditions  III  and  IV,  and  for  a  high  altitude  vertical  descent  dispen¬ 
ser  opening  condition.  For  the  first'two  conditions  only  the  vane- stabilized 
dual-mode  bomblet  (  r,  =45  degrees)  was  considered.  The  high  altitude 
release  condition  was  selected  for  investigation  of  the  dispersion  of  the 
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Figure  45.  Effect  of  2.0  Degrees  Negative  Fin  Cant  and 
CmQ  =  °-05  on  the  Transitional  Motion  of  a 
Vane-Type  Dual-Mode  Bomblet  (  C  =  45  Degrees) 
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Figure  46.  Motion  Histories  During  Transition  from 
Glide-to-Balli Stic  Flight 

Ballute -Stabilized  Dual-Mode  Bomblet 
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f  igure  47.  Trajectory  and  Impact  Boundary  Data 

for  Vane-Stabilized  Dual-Mode  Bomblet 

Dispenser  Opening  Conditions:  hQ  =  1000  ft, 
VQ  =  600  ft/scc,  y  =  1  *>  degrees 
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Figure  49.  Trajectory  and  Impact  Boundary  Data 

for  Ballute- Stabilized  Dual-Mode  Bomblet 

Dispenser  Opening  Conditions:  hQ  =  5000  ft, 
VQ  =  400  ft/scc,  Y  ;  90  degrees 
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ballute- stabilized  bomblet,  because  this  bomblet  requires  a  much  greater 
time  to  complete  transition  from  glide  to  ballistic  flight. 

The  dispersion  pattern  at  impact  was  approximated  in  the  fol¬ 
lowing  manner.  First  a  series  of  magnus  rotor  trajectories  were  computed, 
using  the  6-DOF  trajectory  program,  (3).  The  trajectories  were 
initiated  with  the  rotor  at  90  degrees  angle  of  attack.  For  the  non¬ 
vertical  release  conditions,  various  initial  orientations  of  the  angle- of -attack 
plane  were  assumed.  The  resulting  trajectories  describe  the  near-maximum 
dispersion  attainable  during  the  magnus -rotor  flight  phase.  At  a  fixed  time 
after  dispenser  opening,  the  magnus-rotor  trajectories  were  terminated. 

The  sta~ting  time  for  glide-to-ballistic  flight  transition  was  selected  such 
that  the  transition  would  be  completed  prior  to  impact,  i.  e.  ,  such  that  the 
bomblet  angle  of  attack  would  be  less  than  10  degrees  at  impact.  From  the 
beginning  of  transition  to  impact,  trajectory  data  were  computed  on  the 
assumption  of  pure  ballistic  flight,  using  a  constant  drag  coefficient  repre¬ 
sentative  of  a  fully  deployed  stabilizer. 

The  trajectory  and  impact  pattern  data  for  dispenser  opening 
conditions  III  (hQ  =  1000  feet,  VQ  =  600  ft/sec,  yQ  =  15  degrees)  and  IV 
(hQ  =  2000  ft,  V0  =  900  ft/sec,  y  =  45  degrees)  are  presented  in  Figures 
47  and  48,  respectively.  For  each  of  these  release  conditions  the  impact 
boundary  is  nearly  circular.  The  impact  pattern  is  about  400  feet  in  diam¬ 
eter  for  the  1000-foot  release  altitude  and  about  800  feet  in  diameter  for 
the  2000-foot  release  altitude;  thus, the  pattern  size  increases  in  a  nearly 
direct  relation  with  the  release  altitude. 

The  dispersion  characteristics  of  the  ballute  -  stabilized  dual¬ 
mode  bomblec  are  shown  in  Figure  49  for  a  5000  foot  dispenser  opening 
altitude,  with  vertically  downward  release  velocity  of  400  ft/sec.  It  will  be 
noted  that  an  impact  pattern  diameter  of  about  1600  feet  is  achieved. 


D.  SPINNING- DISK  BOMBLET 
1 .  Description  of  Concept. 

The  spinning-disk  bomblet  achieves  dispersion  both  as  a  result 
of  the  aerodynamic  magnus  force  (normal  to  disk  axis)  and  the  aerodynamic 
lift  or  side  force  (normal  to  the  plane  of  the  disk).  The  angular  momentum 
of  the  disk  prevents  the  body  from  pitching  and  yawing  rapidly,  and  this 
tends  to  stabilize  the  orientation  of  the  plane  of  incidence  and  the  direction 
of  the  magnus  and  lift  forces.  It  is  sometimes  useful  to  refer  to  this  ap¬ 
proach  as  the  spin- stabilized  incidence  dispersion  concept.  The  advantage 
of  the  disk  shape,  when  applied  to  the  spin- stabilized  incidence  concept,  lies 
in  the  fact  that  the  lift  force  remains  large  at  high  subsonic  and  supersonic 
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Mach  numbers,  whereas  the  magnus  force  becomes  extremely  small  for  all 
body  shapes  at  Mach  numbers  above  critical. 

2.  Background. 

Previous  studies  of  spinning  disks  during  re-entry  [for  exam¬ 
ple,  (12)],  have  shown  that  sizeable  dispersion  can  occur  even  though  the 
magnus  force  is  not  considered.  Likewise,  flight  simulations  of  low-fineness 
ratio  magnus  rotors,  with  relatively  large  polar  moments  of  inertia,  have 
shown  that  the  aerodynamic  side  force  can  contribute  to  the  dispersion. 
Further,  ballistic  range  tests  of  magnus  rotors  at  supersonic  velocities  have 
revealed  dispersions  which  cannot  be  attributed  to  the  magnus  force,  but 
which  appear  to  be  related  to  the  bomblet  side  force  (13). 

3.  Disk  Bomblet  Configuration. 

For  the  present  investigation  a  5.15-inch  diameter  elliptical 
cross-section  disk- shaped  bomblet  was  selected  for  investigation.  Small 
vanes  were  added  to  the  disk  for  the  purpose  of  providing  the  required  axial 
spin.  The  complete  physical  characteristics  of  the  disk  bomblet  are  de¬ 
scribed  in  Figure  50. 

4.  Aerodynamic  Characteristics. 

For  computational  purposes,  the  aerodynamic  characteristics 
of  the  disk  have  been  described  using  the  ae roballistic  notation  of  Appendix  I. 
Subsonic  and  transonic  values  for  the  coefficients  Cx,  Cjsj,  and  Cm  were 
obtained  from  (14)  and  (15).  Figure  51  depicts  the  variations  of  Cl  and 
Cm  with  disk  incidence. 

The  dynamic  coefficients  were  determined  by  use  of  slender- 
body  theory  and  magnus  rotor  wind  tunnel  data  and  by  consideration  of  the 
force  and  moment  contributions  of  the  vanes  during  rotational  motion.  These 
estimates  are  described  in  (16).  The  aerodynamic  coefficients  used  for  the 
6- DOF  simulations  are  summarized  in  Table  IV. 

5.  Simulation  Results. 

The  disk- bomblet  dispersion  characteristics  have  been  evalu¬ 
ated  for  a  representative  cluster  dispenser  event  condition  as  follows: 

hQ  =  2000  feet 
V,,  =  900  ft/ sec 
Yq  =  20  degrees 
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Physical  Data 

Weight  -  2.0  pounds 
Ix  =  1.14'j  x  10’^  slug-ft^ 

I  =  0.643  x  10"^  slug-ft^ 

gure  50.  Disk-Bomblet  Configuration 
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The  disk  bomblets  were  assumed  to  be  randomly  oriented  in 
the  warhead,  and  initial  values  of  the  angle -of -attack  parameters  were 
selected  accordingly. 

Figure  52  depicts  typical  transient  motion  data  for  a  spinning- 
disk  bomblet  following  release  from  the  dispenser.  The  motion  consists  of 
a  high-frequency  nutation,  with  a  peak-to-peak  amplitude  of  about  15  degrees 
and  a  slow  counterclockwise  precession.  The  angle -of- attack  history  re¬ 
veals  that  the  disk  configuration  has  a  strong  tendency  to  stabilize  with  spin 
axis  normal  to  the  flow.  In  this  example,  the  bomblet  angle  of  attack  in¬ 
creases  from  an  initial  value  of  33  degrees  to  90  degrees  in  about  two 
seconds.  Because  the  disk  lift  force  is  maximum  at  an  angle  of  attack  of  70 
degrees  and  zero  at  90  degrees,  the  deflection  of  the  trajectory,  due  to  lift, 
also  occurs  within  the  first  two  seconds  of  flight. 

Trajectory  and  impact  data  for  several  spinning-disk  bomblets 
with  random  initial  values  of  the  angle -of-attack  parameters  are  presented 
in  Figure  53.  It  can  be  observed  that  flight-path  dispersion  occurs  in  two 
phases.  The  initial  deflection  of  the  trajectories  begins  at  about  400- foot 
slant  range  and  is  a  result  of  the  lift  force.  Subsequently,  the  trajectories 
are  deflected  further  by  the  magnus  force  but  not  necessarily  in  the  same 
directions  as  the  initial  deflections  occurred.  The  impact  points,  while  not 
uniformly  distributed,  indicate  a  maximum  dispersion  pattern  diameter  of 
about  1800  feet. 

More  detailed  study  of  the  trajectory  and  motion  data  reveals 
that  the  lift  force  contributes  only  a  small  fraction  of  the  total  dispersion 
and  that  most  of  the  dispersion  results  from  the  magnus  force.  The  equiva¬ 
lent  radial  ejection  velocity,  corresponding  to  the  initial  deflection  of  the 
flight  path  by  the  lift  force,  is  about  20  ft/sec. 

The  present  results  show  the  spin- stabi1’ zed  incidence  concept 
to  be  feasible,  even  though  the  dispersion  achieved  by  this  technique  appears 
to  be  small,  based  on  the  aerodynamic  input  data  .utilized.  The  use  of  con¬ 
figurational  asymmetry  or  axial  displacement  of  the  center-of-gravity,  as 
a  means  of  reducing  the  overturning  moment  in  the  angle-of-attack  range  for 
maximum  lift,  should  be  considered  in  future  studies. 
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Figure  52.  Transient  Motion  Data  for  Spinning-Disk  Bomblet 


Cross-Range  -  Ft 


Figure  53.  Trajectory  and  Impact  Data  for  Spinning- Disk  Bomblet 


86 


SECTION  III. 


DISCUSSION  AND  COMPARISON  OF 
PROPOSED  BOMBLET  CONCEPTS 


A.  DISPERSION  AND  AREA  COVERAGE 

Comparison  of  S- Curve  and  RTO  Bomblet  Concepts  Of  the  four 
bomblet  concepts  investigated,  the  S-curve  bomblet  has  the  largest  area 
coverage  potential  for  low-altitude  high-speed  weapons  delivery.  S-curve 
bomblets  manufactured  to  a  high  degree  of  precision  (accidental  fin  cant 
equal  or  less  than  about  0.02  degree  )  can  produce  an  impact  pattern  bound¬ 
ary  exceeding  3500  feet  in  width  for  a  dispenser  functioning  altitude  of  300 
feet.  The  roll -through-zero  type  bomblet  can  also  provide  extensive  disper¬ 
sion  under  low-altitude -high- speed  delivery  conditions,  and  a  pattern  width 
in  excess  of  800  feet  can  be  realized  when  the  design  roll-torque  coefficient 
is  0.0005. 

Direct  comparison  of  the  S-curve  and  RTO  bomblet  requires  con¬ 
sideration  of  the  allowable  asymmetries  and  misalignments.  For  example, 
comparison  of  the  data  from  Figures  18  and  33,  for  dispenser  opening 
condition  II,  shows  that  the  S-curve  and  RTO  bomblets  have  about  the  same 
area  coverage,  if  the  S-curve  bomblet  fin  cant  is  of  the  order  of  0.5  degree, 
and  the  fin  cant  of  the  RTO  bomblet  is  0.  23  degree,  (Cjj0  =  . Ou  15).  If  the 
S-curve  bomblet  has  a  0,5-degree  misalignment  of  two  opposing  fins 
(Cm0  or  CnQ=  0.004), the  area  coverage  is  less  than  that  of  the  RTO  bomblet. 

Considering  a  fin  cant  angle  of  0.1  degree  for  the  S-curve  bomblet, 
which  is  a  realistic  magnitude  of  fin  cant  for  test  bomblets*,  it  will  be  noted 
from  Figure  54  that  the  impact  pattern  boundaries  for  the  S-curve  bomblet 
have  dimensions  which  are  about  twice  those  of  the  RTO  bomblet  impact 
patterns  with  C£Q  =  0.0005. 

Dual-Mode  and  Disk  Bomblet  Comparisons  For  high  speed 
delivery,  the  vane- stabilized  dual-mode  bomblet  requires  dispenser  opening 
altitudes  in  excess  of  1000  feet  to  permit  both  effective  dispersion  and  trans¬ 
ition  from  magnus-rotor  to  ballistic  flight.  For  a  2000-foot  delivery  altitude 
(dispenser  opening  condition  IV),  the  dual-mode  bomblet  dispersion  is  com¬ 
pared  with  the  S-curve  and  RTO  bomblets  in  Figure  55.  For  this  condition, 
both  the  dual-mode  and  RTO  bomblets  have  impact  patterns  about  800  feet  in 
diameter.  For  higher  delivery  altitudes,  the  area  coverage  of  the  dual-mode 


*  Measurements  made  by  The  Weapons  Research  Establishment  ^ on  a 
group  of  test  bomblets  have  indicated  a  mean  cant  angle  of  0.09  degree, 
with  0.077  degree  standard  deviation. 
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bomblet  will  become  progressively  greater  and  will  eventually  exceed  that 
of  either  the  S-curve  or  RTO  bomblets. 

Figure  55  also  shows,  for  comparison,  the  impact  dispersion 
boundary  for  the  disk  bomblet,  which  is  about  1800  feet  in  diameter.  The 
disk  bomblet  dispersion  is  approximately  equal  to  that  of  the  S-curve  bomblet 
for  the  delivery  conditions  indicated.  As  noted  previously,  the  disk  bomblet 
impact  dispersion  is  only  slightly  influenced  by  the  disk  lift  force. 

Comparison  of  Proposed  Concepts  with  Radial  Force  Ejection 
Systems.  Figure  56  compares  the  S-curve  and  RTO  bomblet  dispersion  with 
the  area  coverage  capability  of  a  zero-lift  bomblet  dispersed  by  a  radial- 
force -ejection  system.  For  trajectory  computations,  the  zero-lift  bomblet 
is  assumed  to  have  a  ballistic  coefficient  matching  that  of  the  S-curve  and 
RTO  bomblets.  Ejection  velocities  of  50  and  100  ft/sec  are  considered  for 
the  radial-force-ejection  system. 

As  can  be  seen  from  the  data,  the  radial-force-ejection  system  is 
most  effective  for  low- speed  and  low-altitude  delivery  conditions.  Consider¬ 
ing  a  dispenser  opening  velocity  of  300  ft/sec,  for  example,  a  radial  ejection 
velocity  of  50  ft/sec  results  in  greater  area  coverage  than  that  obtained 
with  either  the  5-curve  or  RTO  bomblets. 

However,  at  high-speed  dispenser  opening  conditions,  both  the 
S-curve  and  RTO  bomblets  are  capable  of  impact  patterns  larger  than  those 
obtainable  using  an  ejection  velocity  of  100  ft/ sec. 

Comparison  of  Proposed  Bomblet  Concepts  with  BLU-26/B  Magnus- 
Rotor.  The  dispersion  performance  of  the  CBU-24  munition  (BLU-26/B 
magnus- rotor  bomblet  and  SUU-30  type  dispenser)  has  been  extensively 
investigated  (18)  for  delivery  conditions  approximating  those  considered  in 
this  report.  A  comparison  of  the  area  coverage  of  the  proposed  bomblets 
with  that  of  the  BLU-26/B  is  illustrated  in  Figure  57. 

For  dispenser  opening  condition  III,  the  BLU-26/B  dispersion 
pattern  has  an  outer  diameter  of  about  800  feet.  This  pattern  size  is  greatly 
exceeded  by  the  S-curve  type  bomblet,  while  the  RTO  bomblet  exhibits  about 
the  same  size  pattern  for  a  roll  torque  coefficient  of  C^Q  =  0.0005.  The  dis¬ 
persion  achieved  with  the  dual-mode  bomblet,  for  dispenser  opening  condi¬ 
tion  III,  is  about  one-half  that  of  the  BLU-26/B. 

The  disk  bomblet  impact  dispersion  is  comparable  to  that  of  the 
BLU-26/B,  when  allowance  is  made  for  the  effect  of  the  flight  path  angle  at 
dispenser  opening.  The  latter  comparison  is  illustrated  in  Figure  57(C). 
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Figure  56.  Comparison  of  S-Curve  and  RTO  Bomblet  Dispersion  with 
Area  Coverage  Capability  of  Force  Ejection  System 
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Figure  57.  Comparison  of  Area  Coverage  Capability  of  S-Curve, 
RTO,  Dual-Mode,  and  Disk  Bomblet  with  BLU-26/B 
Magnus  Rotor  Performance 
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Effect  of  Delivery  Velocity  and  Mach  Number.  The  dispersion  of 
the  S-curve-type  bomblet  is  extremely  sensitive  to  velocity  and  Mach  number 
effects.  With  increasing  velocity  and  dynamic  pressure,  the  aerodynamic 
lateral  force  becomes  larger,  thus  increasing  the  dispersion.  At  the  same 
time,  the  spin  rate  increases  with  velocity,  and  if  the  accidental  cant  is 
large  enough,  the  spin  rate  will  exceed  the  critical  spin  rate.  This  will 
result  in  coning  motion  and  reduced  dispersion.  In  addition  to  the  above 
effects,  the  S-curve  bomblet  lift  can  change  appreciably  with  Mach  number 
due  to  the  sensitivity  of  the  stability  and  trim  angle  of  attack  to  Mach  num- 
be  r. 


The  RTO  bomblet  dispersion  is  essentially  independent  of  the 
delivery  velocity,  except  as  it  modifies  the  distance  between  release  and 
impact.  The  aerodynamic  stability,  trim,  and  roll  dynamics  of  this  bomb- 
let  are  only  slightly  affected  by  velocity  and  Mach  number. 

The  effect  of  velocity  and  Mach  number  on  the  dual-mode  bomblet 
dispersion  will  be  the  same  as  for  any  other  magnus  rotor.  The  altitude  and 
time  required  for  transition  from  magnus-rotor  flight  to  ballistic  flight  is 
almost  invariant,  since  this  flight  phase  occurs  after  the  rotor  has  deceler¬ 
ated  to  nearly  constant  velocity. 

The  effect  of  velocity  and  Mach  number  on  the  disk-bomblet  disper¬ 
sion  has  not  been  determined  since  only  one  delivery  condition  was  investi¬ 
gated. 


Effect  of  Delivery  Altitude.  The  impact  dispersion  of  the  S-curve 
and  RTO  bomblets  is  not  significantly  influenced  by  dispenser  opening  altitude 
for  the  range  of  delivery  conditions  investigated.  The  dual-mode  bomblet 
dispersion  increases  linearly  with  altitude,  for  altitudes  above  the  minimum 
altitude  required  for  magnus-rotor-to-ballistic-flight  transition.  This  mini¬ 
mum  altitude  is  about  250  feet  for  the  vane- stabilized  dual-mode  bomblet  if 
transition  is  initiated  from  steady- state  gliding  flight. 


B.  IMPACT  PATTERN  CHARACTERISTICS 


The  motion  theories  and  results  from  the  6-DOF  simulations  provide 
some  indication  of  the  manner  in  which  bomblet  impact  points  will  be  distrib¬ 
uted  with  the  respective  boundary  curves. 

1  •  S-Ourvc  Bomblet  Impact  Pattern  Characteristics. 

Assuming  Jiat  the  S-curve  bomblets  in  a  particular  dispenser 
have  a  wide  range  of  fin  cant  angles,  the  impact  pattern  will  resemble  the 
sketch  below  and  will  be  comprised  of  an  inner  elliptical-shaped  core 
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(representing  bomblets  with  spin  rates  above  critical)  and  a  wide  fan  of 
sparse  impact  points,  extending  forward  of  the  ballistic  impact  center 
(representing  bomblets  with  spin  rates  less  than  critical).  The  fraction  of 
bomblets  in  the  central  elliptical  core  will  increase  when  the  bomblets  have 
large  longitudinal  misalignments.  The  density  of  impacts  at  the  extreme 
rear  and  narrow  portion  of  the  pattern  will  be  relatively  high,  because 
bomblets  will  impact  in  this  area  regardless  of  whether  their  spin  rate  is 
small  or  large.  If  the  S- curve  bomblet  asymmetries  are  extremely  small, 
the  impact  points  will  form  a  single  annular  ring,  roughly  matching  the 
predicted  pattern  boundary  for  subcritical  spin  rates. 


for  S- Curve  Bomblet 


Sparse 

Impacts 


Concentrated 

Impacts 

Greatest 
Concentration 
of  Impacts 


2.  RTO  Bomblet  Impact  Pattern  Characteristics. 

The  impact  pattern  of  the  roll-through- zero  type  bomblet 
could  have  a  distribution  of  impact  points  not  unlike  that  sketched  below: 
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Sketch  of  Probable  Impact  Pattern 
for  RTO  Bomblet 


The  pattern  is  comprised  of  a  wide  annulus,  containing  the  impact  points  of 
all  bomblets  whose  roll  torque  (or  fin  cant)  deviation  from  the  mean  is  less 
than  some  standard  statistical  measure,  such  as  la  .  Inside  the  annulus 
will  be  the  impact  points  of  those  bomblets  which  have  roll  torque  deviations 
exceeding  the  statistical  measure,  as  well  as  the  bomblets  which  have  roll 
torques  of  the  same  sense  as  the  dispenser  roll.  The  latter  bomblets  will 
have  poor  dispersion  and  will  impact  near  the  pattern  center. 

The  fraction  of  interior  impact  points  can  be  increased  or 
decreased  by  a  change  in  the  mean  roll  torque.  This  provides  the  designer 
with  a  possible  means  of  impact  pattern  control. 

Dual-Mode  Bomblet  and  Disk  Bomblet.  The  dual -mode  and 
disk  bomblets  will  have  impact  pattern  distributions  characteristic  of  magnus 
rotors  in  general.  A  discussion  of  magnus- rotor  impact  pattern  distributions 
is  beyond  the  scope  of  the  present  endeavor. 


C.  DISCUSSION  OF  FACTORS  AFFECTING  BOMBLET  PERFORMANCE 


1.  Sensitivity  to  Manufacturing  Tolerances. 


The  dispersion  of  the  S-curve  type  bomblet  is  particularly 
sensitive  to  configurational  asymmetries  and  manufacturing  tolerances.  The 
trim  angle  of  attack  (of  the  bomblet  considered  in  Section  II)  varies  about 
one  degree  for  each  0.027  caliber  shift  in  the  longitudinal  center-of-gravity. 
An  accidental  fin  cant  of  0.1  degree  significantly  reduces  the  maximum  dis¬ 
persion  at  release  velocities  of  600  ft/sec  or  greater.  Fin  and  body  mis¬ 
alignments  resulting  in  values  of  Cmo  greater  than  about  0.005 
(Cm0  =  Cn<>  =  0.005  corresponds  to  about  one-half  degree  incidence  of  two 
opposing  fins)  can  result  in  coning  and  an  attendant  reduction  in  area  cover¬ 
age. 


The  roll-through- zero  type  bomblet  is  sensitive  only  to  the  roll 
torque.  All  sources  of  roll  torque,  other  than  the  design  (or  built-in)  roll 
torque,  cause  erratic  flight  behavior.  In  addition  to  the  aerodynamic- 
induced  moment,  there  exists  the  possibility  of  spurious  roll  torques  due  to 
the  combined  effects  of  lateral  center  of  gravity  offset  and  a  trimmed  normal 
force.  The  maximum  value  of  the  roll  moment  due  to  lateral  c.  g.  offset 
should  not  exceed  the  design  rolling  moment.  For  the  basic  wingless  RT0 
bomblet,  the  allowable  c.  g.  offset  for  a  design  roll  torque  coefficient  of 
0.001  5  is  given  by 


ir/d  *  ^ - 

Cntrim 


0.0015 

0.55 


0.0027 


(10) 
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For  the  3-inch-diameter  bomblet,  Ay  =  0.08  inch. 

The  6- DOF  motion  simulations,  for  the  vane- stabilized  dual¬ 
mode  bomblet,  show  that  the  transition  dynamics  of  this  configuration  are 
not  degraded  by  accidental  fin  cant  or  longitudinal  misalignment. 

Small  asymmetries  should  not  appreciably  affect  either  the 
aerodynamics  or  the  transitional  motion  of  the  ballute- stabilized  dual-mode 
bomblet. 


2.  Sensitivity  to  Launch  Environment. 

The  impact  point  of  an  S- curve  type  bomblet  depends  signifi¬ 
cantly  on  the  initial  orientation  of  the  angle-of-attack  plane.  Therefore,  if 
the  dispenser  has  an  angle  of  attack  at  time  of  functioning,  the  impact 
pattern  will  be  heavily  biased,  i.  e.  ,  all  of  the  bomblets  will  tend  to  impact 
in  the  same  area,  even  though  the  dispersion  from  the  ballistic  impact  point 
is  large.  The  biasing  effect  due  to  dispenser  angle  of  attackwill  be  greatest 
when  the  bomblets  are  aligned  with  the  dispenser.  On  the  other  hand,  random 
perturbations  in  the  initial  values  of  the  motion  parameters  (a  ,  p,  q,  r, 
etc.  )  will  alter  the  impact  locations  of  individual  bomblets  but  will  not  influ¬ 
ence  the  pattern  size  or  distribution  of  impact  points. 

A  uniformly  distributed  impact  pattern  for  the  RTO  bomblet 
depends  primarily  upon  random  orientation  of  the  bomblet  trim  vector,  and 
therefore,  the  motion  of  this  type  bomblet  is  influenced  less  by  the  dispenser 
angle  of  attack.  Large  angle-of-attack  perturbations  at  launch  would  be 
detrimental  to  RTO  bomblets  possessing  a  sizeable  induced  roll  moment  at 
large  angles  of  attack. 

3.  Scale  Effects. 

The  dispersion  of  the  S-curve  type  bomblet  is  a  function,  prin¬ 
cipally,  of  the  ratio  of  the  aerodynamic  lift  to  bomblet  weight.  For  a  partic¬ 
ular  bomblet- fineness  ratio  and  trim  lift  coefficient,  dispersion  will  be 
inversely  proportional  to  the  loading  parameter  W/S.  Changes  in  bomblet 
geometry  and  inertia  will  modify  the  critical  spin  rate  in  accordance  with 
Equation  (3). 


The  theoretical  dispersion  of  the  RTO  bomblet  is  proportional 

to  ~7  ~\J Ix'  .  Thus,  the  RTO  bomblet  can  be  scaled  up  or  down  in  size 

without  affecting  dispersion,  provided  the  m1  and  Ix’  parameters  remain 
constant. 


The  dispersion  of  the  dual -mode  type  bomblet  is  significantly 
affected  by  the  scaling  of  the  magnus- rotor  configuration.  The  spin-up  or 
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spin-down  time  constant  for  the  scaled  bomblet  is  proportional  to  the  product 
of  the  geometric  scale  factor  and  the  non-dimensional  inertia  ratio  Ix'/Ix'  » 
where  Ix  represents  the  scaled  bomblet.  Thus,  an  increase  in  magnus- 
rotor  size  increases  the  time  for  spin-up  or  spin-down  and  conversely. 


D.  CONFIGURATION  SELECTION  AND  OPTIMIZATION 

1.  S-Curve  Bomblet. 

Optimization  of  the  S-curve  type  bomblet  for  maximum  disper¬ 
sion  is  best  achieved  by  increasing  the  critical  spin  rate  and  decreasing  the 
allowable  fin  cant.  The  former  requires  the  selection  of  configurations 
which  have  large  damping  and  a  small  magnus  moment  coefficient,  while  the 
latter  depends  primarily  upon  the  accuracy  of  bomblet  fabrication.  For 
high-speed  delivery,  the  bomblet  must  possess  a  finite  trim  angle  of  attack 
throughout  the  flight  Mach  number  range.  The  use  of  large  trim  angles  of 
attack,  as  a  means  of  improving  dispersion,  appears  ill  advised.  Opera¬ 
tion  at  large  angles  of  attack  will,  in  many  instances,  lead  to  undesirable 
roll  characteristics  and  an  increased  magnus  moment. 

The  S-curve  pitching  moment  characteristics  should  be  attain¬ 
able  for  a  wide  variety  of  bomblet  geometries,  provided  proper  attention  is 
paid  to  the  effects  of  nose  shape,  afterbody  shape,  fineness  ratio,  and  fin 
size.  For  supersonic  operation,  spike-nose  configurations  can  also  be  con¬ 
sidered  since  they  have  nonlinear  S-curve-type  moment  characteristics. 

2.  RTO  Bomblet. 

Optimization  of  the  RTO-type  bomblet  for  maximum  dispersion 
requires  that  the  induced  aerodynamic  roll  torques  be  minimized,  while  con¬ 
currently  providing  a  large  trimmed  norma!  force.  The  present  effort  has 
shown  that  the  use  of  planar  lifting  surfaces  is  detrimental  because  their 
adverse  roll  characteristics  more  than  offset  the  increased  normal  force. 
The  results  of  the  present  studies  suggest  the  use  of  configurations  with  a 
high  degree  of  axial  symmetry  (many  fins  or  ring  tail)  as  a  means  of  de¬ 
creasing  or  eliminating  the  roll-induced  aerodynamic  moments. 

Although  desirable,  a  high-fineness-ratio  slender  body  does 
not  appear  to  be  necessary.  For  example,  the  blunt-nose  4-caliber-length 
configuration  has  a  normal  force  slope  which  is  about  75  percent  that  of  the 
elliptical-nose  6-caliber  finned  bomblet. 


Dual-Mode  Bomblet. 


The  factors  which  must  be  given  greatest  consideration  in  the 
aerodynamic  design  of  the  dual-mode  type  bomblet  are  the  spin  damping  and 
magnus  moment  coefficients.  The  magnus  moment  coefficient  at  large 
angles  of  attack  must  have  a  positive  value  if  transition  is  to  occur  rapidly. 

The  dual-mode  bomblet  concept  is,  for  practical  purposes, 
limited  to  cylindrical  bodies  with  fineness  ratios  less  than  2.0,  because  of 
magnus- rotor  stability  considerations. 

The  use  of  a  ballute  stabilizer,  larger  in  size  than  that  inves¬ 
tigated  in  this  study,  appears  feasible,  and  could  make  the  ballute- stabilized 
dual-mode  bomblet  more  suitable  for  low-altitude  weapon  delivery. 

The  mechanics  and  dynamics  of  stabilizer  deployment  are 
significant  problem  areas  requiring  extensive  future  design  and  test  efforts. 

4.  Disk  Bomblet. 

Motion  simulation  and  aerodynamic  data  for  the  disk  bomblet 
are  presently  insufficient  for  optimization  of  this  concept. 


SECTION  IV. 


WIND  TUNNEL  INVESTIGATIONS 


A.  TEST  PROGRAM 

In  support  of  the  present  effort,  a  comprehensive  wind  tunnel  test 
program  was  accomplished  in  the  4T  transonic  tunnel  at  the  Arnold 
Engineering  Development  Center.  The  test  plan  and  model  configurations 
were  specified  by  the  contractor.  Model  design  and  fabrication,  including 
the  necessary  support  and  drive  systems,  were  provided  by  AEDC,  through 
special  arrangement  with  ‘he  Air  Force  Armament  Laboratory. 

The  test  program  was  conducted  in  three  phases.  The  first  phase 
consisted  of  static  force  and  moment  measurements,  in  both  pitch  and  roll, 
for  the  S-curve,  roll-through-zero,  and  dual-mode  bomblet  models.  These 
tests  were  accomplished  for  a  Mach  number  range  of  0.3  -  1,2,  except  for 
the  dual -mode  bomblet  which  was  evaluated  only  at  Mach  0.3  and  0.5.  in 
addition,  limited  tests  were  accomplished  at  three  different  Reynolds 
numbers. 

In  the  second  phase  a  forced-oscillation  balance  was  used  for 
measurement  of  the  planar  pitch-damping  of  the  S-curve  bomblet  models 
from  Mach  0.3  to  1.2.  * 

The  third  test  phase  provided  both  roll  dynamics  data  for  the  roll-  . 
through- zero  and  dual-mode  bomblet  models  and  magnus  data  for  the  S-curve 
and  dual -mode  bomblet  models.  A  special  hydraulic  drive  system,  with 
pneumatically  operated  clutch  and  braking  system,  was  provided  for  the 
S-curve  and  dual-mode  bomblet  tests.  The  third  phase  tests  for  the  S-curve 
and  RTO  bomblet  models  were  accomplished  from  Mach  0.3  to  1,2  ,  while 
the  dual-mode  bomblet  model  tests  were  accomplished  only  at  low  speed. 


B.  S-CURVE  BOMBLET  CONFIGURATIONS 

The  seven  S-curve  bomblet  models  utilized  for  the  AEDC  tests  are 
depicted  in  Figure  $8.  In  addition,  three  body-alone  configurations 
(BSNSIAS|  .  BsNs^Asi  .  and  BgNszAsj)  were  evaluated.  The  model  con¬ 
figurations  were  selected  for  the  purpose  of  determining  the  aerodynamic 


4  The  boattail  models  could  not  be  tested  because  of  sting  interference 
effects. 
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.-ffects  of  nose-shape,  afterbody-shape,  fin  location,  fin  cross-section,  and 
a  nose  spoiler  ring.  The  latter  two  configuration  modifications  were  of 
interest  primarily  from  the  standpoint  of  spin  damping  and  magnus  charac- 
te  ri  stic  s . 


All  S-curve  bomblet  models  were  3.0  inches  in  diameter. 


C.  RTO  BOMBLET  CONFIGURATIONS 

The  RTO  Bomblet  model  is  depicted  in  Figure  59.  The  RTO  bomblet 
concept  was  evaluated  both  in  the  body-alone  and  wingless  configurations. 

The  effect  of  the  wings  was  determined  for  incidence  angles  of  10  degrees 
and  20  degrees.  Three  configuration  modifications  were  employed  as  a 
means  of  providing  a  design  roll  torque:  differential  wing  incidence,  a  wing 
roll  tab,  and  asymmetrical  body  indentations. 

The  RTO  bomblet  models  were  3.0  inches  in  diameter. 


D.  DUAL-MODE  BOMBLET  CONFIGURATIONS 


The  vane- stabilized  dual -mode  bomblet  model  is  shown  in  Figure 
60.  The  dual-mode  bomblet  models  had  the  same  geometry  as  the  bomblets 
depicted  in  Figure  37,  and  the  body  diameter  of  each  model  was  3.0  inches. 


E.  STATIC  TEST  RESULTS 


The  AEDC  test  report  describing  the  static  wind  tunnel  tests  is 
being  published  separately  as  (4).  Supplementary  plots  of  the  test  data 
showing  the  effects  of  angle  of  attack.  Mach  number,  Reynolds  number,  and 
aerodynamic  roll  angle  are  available'1  .  The  latter  reference  also  pre¬ 
sents  a  breakdown  of  the  normal  force  and  pitching  moment  characteristics 
of  the  S-curve  and  RTO  bomblets,  showing  the  contributions  of  the  fins  and 
wing  s. 


S-Curve  Bomblet  Aerodynamic  Data.  The  variation  of  the  pitching 
moment  with  angle  of  attack  for  each  of  the  various  S-curve  bomblet  config¬ 
urations  is  shown  in  Figure  6l  for  ch  0.3  and  0.9.  At  Mach  0.3,  all  of 
the  configurations,  except  that  with  the  nose  spoiler,  exhibit  the  character¬ 
istic  S-shaped  pitching  moment  curve.  The  trim  angles  of  attack  range  from 
four  degrees  to  as  much  as  ?2.5  degrees  at  low  speed.  The  trim  angle-of- 
attack  variation  with  Mach  number  is  shown  in  Figure  62.  The  moment 
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Figure  59.  RTO  Bomblet 


Figure  60.  Vane-Stabilized  Dual-Mode  Bomblet  Model 
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Trim  Characteristics  of  S- Curve  Bomblet  Models  as 
Determined  from  A.EDC  Static  Wind  Tunnel  Tests 


reference  center  is  1.5  calibers  aft  of  the  bomblet  nose  for  all  of  the  config¬ 
urations.  Two  different  types  of  trim  characteristics  are  noted:  the  boattail 
afterbody  models  exhibit  an  increase  in  trim  angle  of  attack  in  the  transonic 
range,  while  all  of  the  other  configurations  display  a  large  decrease  in  the 
trim  angle  of  attack  at  transonic  conditions.  Of  the  cylindrical  afterbody 
configurations,  only  configurations  BgNs2A-Sl  ^S2  has  a  non-zero  trim  angle 
of  attack  at  Mach  0,9  .  The  observed  transonic  trim  changes  for  the  cylin¬ 
drical  afterbody  models  is  due,  principally,  to  the  increase  in  body-alone 
stability  at  small  angles  of  attack.  The  decrease  in  transonic  stability  of 
the  boattail  models  results  from  a  loss  in  fin  effectiveness,  since  the  change 
in  stability  is  not  reflected  by  the  body-alone  data.  At  transonic  conditions 
(M  0,9)  the  blunt  nose  greatly  increases  the  stability  at  angles  of  attack 
below  4  degrees,  while  at  large  angles  the  blunt  nose  is  destabilizing. 

The  normal  force  coefficient  characteristics  of  the  seven  basic 
configurations  are  presented  in  Figure  63  for  Mach  0.3  and  0.9.  In  the 
low  Mach  number  range,  the  boattail  afterbody  models  display  the  largest 
normal  force  slopes,  probably  due  to  the  fact  that  these  models  have  a 
larger  exposed  fin  area.  The  drag  coefficient  variation  with  Mach  number 
fc  r  each  configuration  is  plotted  in  Figure  64.  At  low  speeds,  the  boattail 
afterbody  models  have  about  one-half  the  drag  of  the  basic  cylindrical  after¬ 
body  models. 

RTO  Bomblet.  The  pitching  moment  characteristics  of  the  RTO 
bomblet  models,  for  a  moment  reference  point  2.6  calibers  aft  of  the  body 
nose,  are  presented  in  Figure  65.  These  data  are  for  Mach  0.3  and  are 
typical  of  the  results  obtained  at  all  of  the  test  Mach  numbers. 

The  body-plus -fins  configuration,  BgiFg2>  exhibits  a  stable 
moment  curve  which  is  approximately  linear  at  small  angles  of  attack  but 
with  an  increasingly  stable  slope  at  large  angles  of  attack.  With  the  wing 
attached  at  incidence,  the  pitching  moment  becomes  highly  nonlinear  and 
the  slope  is  unstable  at  positive  angles  of  attack  less  than  six  degrees.  The 
destabilizing  effect  of  the  wing  at  small  angles  of  attack  had  been  anticipated 
due  to  wing-vortex  fin  interference,  but  the  measured  data  exhibit  a  greater 
instability  than  had  been  predicted  using  (20).  These  results  necessitated 
a  forward  center -of-g ravity  movement  in  order  to  achieve  the  desired  trim 
angle  of  attack  of  eight  degrees. 

The  normal  force  data  for  Mach  0.3  are  shown  in  Figure  66.  With 
the  wing  attached  at  10  degrees  incidence,  the  normal  force  at  eight  degrees 
angle  of  attack  is  about  1.1,  while  the  body-fin  configuration  produces  a 
normal  force  coefficient  of  0.58  at  this  angle  of  attack. 

Zero-lift  drag  coefficient  data  for  the  RTO  bomblet  configurations 
arc  presented  in  Figure  67. 
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Figure  66.  Normal  Force  Characteristics  of  RTO  Bomblet  Models 
as  Determined  from  AEDC  Static  Wind  Tunnel  Tests 
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Figure  67.  Zero-Lift  Drag  Characteristics  of  RTO  Bomblet  Models 
as  Determined  from  AE DC  Static  Wind  Tunnel  Tests 
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The  roll  moment,  side  force,  and  side  moment  characteristics, 
as  a  function  of  the  aerodynamic  roll  angle,  are  described  in  Section  II 
and  illustrated  in  Figures  24  and  26. 

Dual-Mode  Bomblet.  The  static  aerodynamic  data  for  the  dual¬ 
mode  bomblets  are  presented  in  Figures  38  -  41  and  described  in  Section  II. 


F.  PITCH  DAMPING  TESTS 


A  detailed  description  of  the  pitch  damping  tests  of  the  S-curve 
bomblet  models  will  be  found  in  (21).  The  measured  pitch  damping  char¬ 
acteristics  of  the  basic  configuration  with  hemisphere  nose,  BgNg2Agj  Fs2 , 
are  presented  in  Figure  68.  The  configuration  has  good  damping  at  all 
Mach  numbers  and  in  both  zero  lift  and  trimmed  flight  attitudes.  The  blunt 
nose  shape  did  not  influence  the  damping  appreciably  except  at  transonic 
conditions  where  the  blunt  nose  was  slightly  unstable.  Configuration 
BsNsi^Sl^S4»  with  the  rounded  fin  cross-section,  was  stable  at  all  condi¬ 
tions  tested,  but  the  damping  for  most  flight  conditions  was  not  as  good  as 
the  basic  hemisphere-nose  model.  The  nose  spoiler  was  extremely  effec¬ 
tive  at  small  angles  of  attack  and  low  Mach  numbers  and  also  at  large 
angles  of  attack  at  Mach  0.7.  The  spoiler  was  not  effective  at  transonic 
conditions. 

The  damping  characteristics  of  the  boattail  afterbody  models  were 
not  determined  because  of  model- sting  clearance  problems. 
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Figure  68.  Pitch* Damping  Characteristic*  of  S-Curve  Bomblet 
Model  BsNs2AsjFs2-  as  Determined  from  AEDC 
Forced-Oscillation  Wind  Tunnel  Tests 
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SECTION  V. 


CONCLUSIONS  AND  RECOMMENDATIONS 

A.  CONCLUSIONS 


Based  on  six-degree s-of-freedom  motion  simulations  and  available 
aerodynamic  data,  the  following  conclusions  are  made: 

1.  Each  of  the  four  proposed  bomblet  concepts  investigated 
(S-curve,  roll-through-zero,  dual-mode,  and  spinning- disk)  is  feasible  and 
capable  of  dispersing  a  cluster  bomb  over  a  wide  area  from  a  functioning 
altitude  of  2000  feet  or  less. 

2.  Under  high-speed  delivery  conditions,  the  S-curve  bomblet  can 
disperse  a  warhead  over  an  area  3500  feet  in  width  from  a  dispenser  func¬ 
tioning  altitude  of  300  feet. 

3.  The  performance  of  the  S-curve  type  bomblet  is  extremely 
sensitive  to  accidental  fin  cant,  longitudinal  misalignment,  trim  variations 
with  Mach  number,  and  the  attitude  of  the  bomblet  at  release. 

4.  The  roll -through- zero  (RT0)  type  bomblet  can  disperse  a 
warhead  over  an  area  800  feet  in  width  under  high-speed  release  conditions 
at  1000  feet  altitude. 

5.  The  RTO-type  bomblet  is  sensitive  to  induced  roll  moments 
from  fin  or  wing  orientation  and  lateral  center-of-gravity  offset  but  provides 
desirable  dispersion  variations  with  delivery  airspeed  and  altitude,  and  the 
impact  pattern  distribution  is  readily  modified  by  a  change  in  the  design  roll 
torque. 


6.  The  vane-stabilized  dual-mode  bomblet  can  provide  effective 
dispersion  and  ballistic  impact  under  high-speed  delivery  conditions  for 
dispenser  opening  altitudes  in  excess  of  1000  feet. 

7.  The  dual-mode  bomblet  with  45  degrees  trailing  vane  can 
accomplish  transition  from  magnus-rotor  flight  to  ballistic  flight  attitude 

in  about  1.  5  seconds  (or  within  about  250  feet  altitude);  pitch- roll  resonance 
and  roil  lock-in  effects,  due  to  accidental  fin  cant  and  longitudinal  misalign¬ 
ment.  do  not  significantly  affect  the  angle-of-attack  history  during  transitioa 

8.  The  ballute- stabilized  dual -mode  bomblet  requires  about  seven 
seconds  for  transition  to  ballistic  flight  and  must  be  restricted  to  delivery 
altitudes  of  2000  feet  or  greater. 


9.  The  symmetrical  spinning-disk  bomblet  has  about  the  same 
dispersion  as  a  spherical  magnus  rotor  for  a  900  ft/ sec  dispenser  opening 
velocity,  but  the  amount  of  dispersion  which  occurs  due  to  the  disk  lift  force 
at  high  velocities  is  small  and  equivalent  to  a  radial  velocity  of  about  20 
ft/  sec. 


10.  In  comparison  with  the  CBU-24  munition  (BLU-26/B  bomblet), 
the  S-curve  bomblet  has  greater  area  coverage  capability  for  low-altitude 
high-speed  delivery  conditions,  while  the  RTO  bomblet  has  about  the  same 
area  coverage  capability.  For  dispenser  opening  altitudes  of  2000  feet  or 
higher,  the  impact  dispersion  boundaries  for  the  vane- stabilized  dual-mode 
bomblet  and  BLU-26/B  bomblet  are  approximately  the  same. 

11.  Within  their  operational  envelopes,  the  proposed  aerodynamic 
dispersion  concepts  provide  greater  area  coverage  than  a  force  ejection 
system  with  100  ft/ sec  radial  velocity  capability,  except  for  low-altitude 
and  low-speed  (300  ft/sec)  dispenser  opening  conditions. 


B.  RECOMMENDATIONS 


The  following  recommendations  are  made  for  further  investigation 
of  the  proposed  dispersion  concepts: 

1.  More  accurate  simulations  of  the  S-curve  and  RTO  bomblet 
impact  patterns  should  be  accomplished  by  use  of  the  Monte  Carlo  method. 
Appropriate  statistical  variations  for  the  initial  motion  perturbations  and 
the  bomblet  configurational  asymmetries  should  be  established. 

2.  Representative  magnitudes  for  the  asymmetries  of  existing 
bomblets  (particularly  fin  cant  and  fin  misalignment)  should  be  determined, 
and  the  adequacy  of  existing  manufacturing  tolerances  and  quality  control 
procedures  for  production  of  the  S-curve  and  RTO-type  bomblets  should  be 
investigated. 

3.  The  dispersion  characteristics  of  the  S-curve  and  RTO  bomblets 
should  be  evaluated  for  supersonic  delivery  conditions,  and  the  necessary 
supporting  aerodynamic  data  for  these  calculations  should  be  acquired  from 
additional  wind  tunnel  tests. 

4.  The  aerodynamic  characteristics  of  the  S-curve  and  dual-mode 
type  bomblets  should  be  investigated  more  fully,  particularly  with  respect 
to  the  pitch-yaw  damping,  magnus  moment,  and  spin  parameters.  It  would 
be  desirable  to  obtain  these  data  from  dynamic  tests,  where  the  model  has 
two  or  more  degrees  of  angular  freedom. 
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5.  Free- flight  testing  of  the  S-curve  and  RTO  bomblets  should  be 
accomplished  for  verification  of  flight  and  dispersion  characteristics.  Both 
gun-launch  and  air-drop  techniques  should  be  exploited. 

6.  Further  testing  of  the  dual-mode  bomblet  concepts  is  warranted, 
with  emphasis  on  stabilizer  deployment. 

7.  Further  investigations  of  asymmetrical  versions  of  the  spinning 
disk  bomblet  are  warranted,  to  the  extent  that  the  disk  shape  is  advantageous 
for  warhead  packaging  and  functioning. 

8.  Further  geometric  modifications  of  the  proposed  bomblet  con¬ 
figurations  should  be  studied  as  a  means  of  improving  dispersion,  the 
attitude  and  flight  path  angles  at  impact,  packaging,  and  warhead  compati¬ 
bility. 
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APPENDIX  I 


DESCRIPTION  OF  AERODYNAMIC  SYSTEM  FOR 
BOMBLET  MOTION  SIMULATIONS 


The  six-degrees-of-freedom  computer  program  used  in  conjunction 
with  the  present  investigation^  employs  an  aeroballistic  system  which  is 
consistent  with  that  which  is  used  for  symmetric  missiles.  With  either 
body-fixed  or  fixed-plane  coordinate  axes,  the  orientation  of  the  force  and 
moment  vectors  can  be  described  by  two  angle -of -attack  parameter?,  a  and 
£  ,  as  depicted  in  Figure  I- 1.  For  computational  purposes,  the  aerobal¬ 
listic  coefficients  are  scalar  functions  of  a  ,  Mach  number  and  non-dimen¬ 
sional  spin.  Note  also  that  Cnr  and  Cmq  are  specified  independently  and 
are  related  to  q1  and  r1  ,  the  components  of  the  cross-angular  velocity  in 
the  angle  of  attack  and  magnus  planes,  respectively.  Thus,  the  difference 
between  planar  and  circular  motion  damping  can  be  distinguished. 

Figure  1-2  depicts  additional  body-fixed  aerodynamic  coefficients 
which  can  be  introduced  into  the  6 -DOF  simulations.  These  include  five 
coefficients  which  have  a  sinusoidal  dependence  upon  the  aerodynamic  roll 
angle  4  .  The  aerodynamic  roll  angle  is  defined  in  Figure  1-3.  All  of  the 
added  body-fixed  aerodynamic  coefficients  are  functions  of  both  a  and  Mach 
number. 


The  other  important  roll  orientation  parameters  are  also  described 
by  Figure  1-3.  The  angle  q  represents  the  angular  displacement  between 
the  body  axes  and  a  symmetry  plane  and  is  used  in  conjunction  with  the 
investigation  of  lateral  c.  g.  offset,  etc.  Otherwise,  f;  is  zero.  The  orienta 
tion  of  the  angle  of  attack  plane  with  respect  to  horizontal,  angle  7  ,  is 
frequently  used  for  portrayal  of  the  bomblet  motion.  For  «;  =0,  the  angle 
♦  is  related  to  $  and  ♦  by  the  identity 

f  =  */2  +  $  -  radians;  C  =  0 
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Figure  1-3.  Roll  Orientation  Parameter* 
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APPENDIX  II 


CONING  MOTION  ANALYSIS 


First,  the  usual  fixed-plane  equations  of  motion  are  derived  to  show 
the  basic  coning  motion.  These  equations  are  then  transformed  into  a  sev 
of  modified  fixed-plane  equations  which  are  more  convenient  for  analysis  of 
motions  which  are  influenced  by  gravity.  The  modified  equations  are  used 
to  investigate  the  requirements  for  zero  coning  motion. 

The  basic  coordinate  axes  are  depicted  in  Figure  II- 1.  The  x,  y,  z 
axes  are  a  system  of  fixed-plane  axes,  wherein  y  always  lies  in  the  Y  Z 
inertial  reference  plane,  x  is  coincident  with  the  body  axis  of  symmetry, 
and  z  is  directed  such  as  to  constitute  a  right-handed  orthogonal  system. 
The  rotational  velocity,  $  ,  of  this  triad  with  respect  to  the  inertial  system 
is  given  in  terms  of  the  Eulerian  angles  as 

X  cos  o 
o 

X  sir.  o 

while  the  angular  velocity  components  of  the  body  are  given  by 

u>x  =  p  =  *  +  X  cos  o 

(JL>  =  6 

y 

w  =  X  sin  o 

z 


Then  from  the  fundamental  rigid-body  equations  of  motion 

F  +  mg  =  mV  +  n  x  mV 
M  =  [I]  u>  +  $  x  [i]  w, 


where 


(I] 


'lx  0  o” 

0  ly  0 

0  0  1. 

•  J 
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Figure  II- 1.  Coordinate  Axes  and  Notation  for 
Coning  Motion  Analysis 
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the  basic  fixed-plane  scalar  equations  are  derived 
*  *  * 

v  +  u  X  sin  o  -  wl  coso  =  g  sinX  cos  (  -  y  )  (II- 1) 

w+vX  cos  0  -  ujf  =  g  [cos  (-  y)  cos  Xcos  o  -  sin  (-Y  )  sin  a]  (II -2) 

CN  p/2  V2  S 
m 

la  -  I  X  2  sin  ocos  0  +  Ixp  Isin  0  =  [  ]  —  pV2  Sd  (II-3) 

IX  sino  +  2  I  Xo  cos  0  -  Ixp0  =  [Cnr"J^  sin  0+  P  V2  Sd  (II-4) 

For  motions  which  involve  negligible  translation,  the  last  two  equa¬ 
tions  may  be  solved  simultaneously.  Steady- state  coning  solutions  are 
obtained  by  letting  o  =  a  =  X  =  0.  The  resulting  equations,  even  though 
nonlinear  in  o  ,  can  readily  be  solved  graphically  or  by  other  means  to 
determine  the  limit  cycle  amplitude  and  frequency.  Extensive  analyses  of 
these  equations,  including  highly  nonlinear  magnus  and  damping  moments, 
are  described  in  (22)  and  (23). 

In  the  present  case,  the  translational  motion,  which  includes  the 
effects  of  the  aerodynamic  normal  force  and  gravitational  force,  has  a  sig¬ 
nificant  effect  on  the  solutions,  because  the  spin  rate  and  magnus  moment 
are  expected  to  be  small.  To  include  the  coupling  of  the  force  and  moment 
equations,  it  is  convenient  to  consider  the  following  transformation  of 
variables. 


|  =  X  cos  o  (II- 5) 

r  =  X  sin  0  ( II -6 ) 

These,  together  with  the  derivative  of  r, 

r  =  X  sin  0  +  X  6  cos  0  ,  (11-7) 

and  the  identity  q  =  6  transform  Equations  (II - 1 )  -  (II-4)  to  a  more 
symmetric  4  form:  * 


#  This  form  of  the  equations  of  motion  also  avoids  distinguishing  between 
6  and  d . 
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v+ru-<j>w  =  g  sin  X  cos  y 


(II  -  8) 


(H-9) 

(II- 10) 

I  r  +  I  |  q  -  Ixpq  =  [Cnr  ~  +  CMp  ^"]  \  pV2Sd  (U-ll) 

The  variable  <j>  defines  the  angle  of  attack  plane  orientation  as  in 
Figure  II- 1.  Equations  ( II- 8)  -  (II - 1 1 )  are  nearly  identical  with  those  pre¬ 
sented  in  ( 1 ). 

If  a  small  constant  angle  of  attack  is  now  assumed  and  the  basic 
assumption  made  that  the  translational  motion  stays  in  phase  with  the  angle 
of  attack  plane,  the  following  simplifications  can  be  introduced: 

•  ..  _ 

a  =  a  =0 

CO  8  0  =  COS  a  =  CO  8  Op  =  1 

sin  a  =  sin  a  =  sin  aT  =  a^, 

v  =  v  =  0 

w  =  u  a  T 

With  these  assumptions,  together  with 

cos  X  =  cos  $ 

sin  X  =  sin  $/cos  0  =  sin  $ 

Equations  (II- 8)  and  (II-9)  can  be  expressed  as 

r  =  ^  sin  $  cos  y  +  $  (11-12) 

Q  1  2 

q  _  ~ ^  ^  (cosy  cos  ♦  +  a  sin  Y)  (11-13) 

^  mu  u  T 


qu  +  <$v  =  g(cosycosX  cosa  +  sin  y  sino  ) 
CN  o/2v2s 


14  -  I  1  r  +  IxPr  =  [Cmq||  +  CM]  \  p  V2Sd 
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Substituting  r  ,  q  ,  and  r  into  Equation  (II- 11)  the  special  coning  solution 
can  be  obtained 


r  a  A  JH  aT  8inf  1  CN  pSV  +  CnrPSd  V  aT  \  . 

T  1  V  '  2m  4  M 


g  cos 
V 


y  cos  $ 

-  : 


Cn  g  PSd^  cosY  sin  $ 


(n-14) 


CMp  pSd^  V  Ix  CN  PSV  Ix  g  dr  sin  y 
4  +  2m  V 
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APPENDIX  III 


SIMPLIFIED  DISPERSION  PREDICTION  FOR 
ROLL-THROUGH-ZERO  BOMBLET 


ROLL  DYNAMICS 

An  approximate  solution  for  the  dispersion  of  the  roll-through-zero 
bomblet  is  formulated,  using  a  simplification  of  the  bomblet  roll  dynamics. 
The  general  form  of  the  roll  differential  equation  for  a  symmetric  missile  is 


<fr"  +  Kp  -  K6  =  0 


which  has  the  solution 


K6  ~  1 

t  +  IT 

Kp  Kp 


where,  for  V  =  constant 

Kr 


K_ 

Kr 


Kr»t 


-  1 


0  Sd~ 
2  Iv 


C  £r  « 

ch  4  = 


(III-l) 


Kp  = 


PSd3  _ 

4  I*  h 


4IX‘ 


*p 


t  = 


s  q 

I  V  \ 


and  the  derivatives  are  \  ‘‘h  respect  to  nondimen sional  distance  s  =  ^  /vdt. 
With  ^  s  ^  :  0,  Equation  (III - 1 )  reduces  to  ' 


K 


$  = 


6  7 


K, 


S  l  +  ^ 


’V 


-  1 


(II1-2) 


For  the  roll-through-zero  bomblet,  dispersion  occurs  while  it1  is 
small,  so  that  the  damping  moment  is  small  during  the  dispersion  phase. 
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Therefore,  for  small  <P',  and  tp 


<Pc'  -  o 


<P 


(HI -3) 


A  comparison  of  the  solution  for  Equation  (III- 3)  with  that  for  Equation  (III- 2) 
for  representative  values  of  the  parameters  is  shown  in  Figure  III- 1 .  As 
will  subsequently  be  shown,  the  region  of  interest  is  between  $  =  0  and 

<j>  s  ir/4.  It  is  seen  that  the  time  from  zero  roll  rate  to  =  tt/4  is  only 
about  12  percent  greater  if  Equation  (111-2)  is  used  instead  of  the  approxi¬ 
mation  (III- 3).  Since  the  dispersion  will  be  proportional  to  the  time  in  the 
neighborhood  of  zero- roll  rate,  the  use  of  the  approximate  roll  solution  for 
dispersion  prediction  should  lead  to  conservative  results. 


LATERAL  MOTION 


The  lateral  motion  of  the  bomblet  due  to  a  body-fixed  trim  angle 
of  attack  and/or  asymmetric  lateral  force,  over  a  short  duration  of  flight, 
can  be  expressed  in  terms  of  earth-fixed  coordinates  ye ,  ze  by  the  follow¬ 
ing  equation 


+  i  ze 


Cjyj  PS  d 
2m 


(III-4) 


where  we  have  arbitrarily  let  the  lateral  force  coefficient,  ,  be  directed 
along  the  real  body  axis,  i.e. ,  the  body  y  axis.  Equation  (III -4)  can  be 
rewritten  as 


(III-5) 


With  the  approximation  of  the  roll  dynamics  given  by  Equation 
(III- 3),  $  becomes 
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Cd6  6  =  0.  00488 

C.  =  -1.  03 

x,p 

lx  =450 
d  =0.25 


<J>  -  Radians 


Figure  Ill  - 1 .  Roll  Dynamics  in  the  Vicinity 
of  Zero  Roll  Rate 


Defining  the  arbitrary  parameter  u 


u 


and  letting  t0  =  0,  Equation  (III- 5)  can  be  expressed  in  terms  of  the  stand¬ 
ard  Fresnel  integrals 


C  (x)  = 


)  du 


S  (x)  = 


)  du 


where 


Values  of  these  integrals  can  be  found  in  several  texts,  such  as  (24).  Thus, 
the  lateral  motion  from  the  time  at  which  the  spin  rate  is  initially  zero,  to 
the  time,  t  =  x,  can  be  expressed  as 


ye'  +  i  ze' 
d 


C  (x)  +  i  S  lx) 


(III -6) 


Figure  III- 2  shows  a  typical  solution  of  Equation  ( III -6 )  for  representative 
values  of  the  parameters.  The  various  values  of  $  are  indicated. 


A  useful  property  of  the  Fresnel  integrals  is  that  they  have 
asymptotic  values  for  $  -►  »  : 


cw=i 

S  (x)  --  j 


In  addition,  the  absolute  value  of  the  Fresnel  integrals  for  x  =  «°  is 


C  (x)  4  i  5  (x) 


7* 


1  15 


0. 04  0. 

y;/d 


>ry  Deflection  of 
Freenel  Integrals 
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The  same  result  is  also  approximated  by 


C  (x  =  •—)  +  i  S  (x  =  -7=) 


which  with 


leads  to 


x  = 


x  IT 

♦  T 


2$ 


1 


1 
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Therefore,  starting  from  zero  roll  rate,  the  lateral  deflection  of  the  tra¬ 
jectory  after  rolling  through  an  angle  of  $  =  tt  / 4  is  nearly  identical  to  the 
deflection  which  would  occur  after  a  large  number  of  roll  cycles. 

It  is  obvious  that  the  roll  rate  history  prior  to  roll-through-zero  is 
the  negative  image  of  that  which  occurs  after  roll-through- zero,  if  the  roll 
damping  is  neglected.  Thus,  the  total  deflection  of  the  trajectory  during  the 
interval  from  4>  =  -  *  /4  to  4>  =  n/4  is  given  by 


AY  = 


ye’  +  » 


c 

1  Zm 


Cn 
i  2m 


C 
,  2m 


N-KpV 

m'  I  y  C  jtg  6 

(7? 

m 'I  Me  6 


C  (♦=—)  +  i  S(  <>=  j) 


(III-7) 


RELATION  BETWEEN  TRAJECTORY  DEFLECTION  AND  DISPERSION 

If  the  ballistic  coefficient,  W/CqS,  is  sufficiently  large,  the  flight 
path  following  roll -through -zero  is  relatively  straight.  Thus,  with  the  aid 
of  Figure  III- 3,  along- range  dispersion  at  the  ground,  R  ,  and  the  cross- 
range  dispersion  at  the  ground,  r  ,  can  be  evaluated  from  the  simplified 
relationships: 


r  r 


sin  y 


AY 


(III -8) 


siny 


sin*'  y 


AY 


1  31 


R 


(111-9) 


Figure  III ~ 3.  Ground  Dispersion  as  Related 
to  Deflection  of  Trajectory 
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